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Introduction 


Th0  Research  Laboratory  of  Eleetronlca 

The  Research  Laboratory  of  Electronics  (RLE)  was 
established  in  1946  as  the  Institute's  first  interde¬ 
partmental  laboratory.  Originally  organized  under 
the  joint  sponsorship  of  the  Departments  of  Physics 
and  Electrical  Engineering,  RLE  has  broadened  its 
interests  to  cover  a  wide  range  of  research. 


( 

1  ■  ( 

If 

1  ^  f  ' 

if'  , 

Professor  Jonathan  Allen,  Director 
Research  Laboratory  of  Electronics 


The  RLE  environment  provides  both  the  freedom  of 
action  essential  in  an  academic  institution  and  the 
availability  of  large-scale  laboratory  facilities  and 
services  required  by  researchers.  RLE's  interdisci¬ 
plinary  setting  offers  many  opportunities  for  creative 
and  collaborative  research.  By  fostering  this  pow¬ 
erful  combination  of  research  and  education,  RLE 
effectively  penetrates  beyond  the  horizon  of  new 
ideas  and  information. 


RLE  Progress  Report 

RLE  Progress  Report  Number  136  describes 
research  programs  at  RLE  for  the  period  January  1 
through  December  31,  1993.  Each  chapter  of  the 
Progress  Report  contains  both  a  statement  of 
research  objectives  and  a  summary  of  research 
efforts  for  research  projects  list^.  Faculty, 
research  staff,  students  and  others  who  participated 
in  these  projects  are  identified  at  the  ginning  of 
each  project,  along  with  sources  of  funding. 

There  are  four  appendices  at  the  end  of  the  report: 
Appendix  A  is  a  bibliography  of  RLE  publications 
and  papers  presented  by  RLE  staff  during  1993; 
Appendix  B  is  a  roster  of  current  RLE  staff; 
Appendix  C  is  a  list  of  RLE  faculty  and  staff  mile¬ 
stones  and  honors  received  during  1993;  and 
Appendix  D  is  an  index  of  RLE  sponsors.  In  addi¬ 
tion,  the  Project  Staff  and  Subject  Index  provides 
access  to  the  information  in  this  report. 

In  addition  to  the  Progress  Report,  RLE  also  pub¬ 
lishes  RLE  currents,  a  biannual  newsletter  which 
focuses  on  RLE  research  interests;  a  technical 
report  series;  Speech  Group  Working  Papers;  and 
other  information  related  to  the  Laboratory.  The 
RLE  Brochure,  published  in  1991  for  RLE's  45th 
anniversary,  is  also  available.  Further  inquiries  may 
be  addressed  to: 


Massachusetts  institute  of  Technology 
Research  Laboratory  of  Electronics 
Communications  Office 
Room  36-412 

Cambridge,  Massachusetts  02139-4307 
Tel.  (617)  253-2566 
Fax  (617)258-7864 
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Section  1  Materials  and  Fabrication 


Chapter  1  Heterostructures  for  High-Performance  Devices 

Chapter  2  Physics  of  InAIAs/InGaAs  Heterostructure 
Field-Effect  Transistors 

Chapter  3  Gas  Source  Molecular  Beam  Epitaxy  of 
Compound  Semiconductors 
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Chapter  1.  Heterostructures  for  High-Performance  Devices 

Academic  and  Raaaarch  Staff 

Professor  Clifton  Q.  Fonstad,  Jr. 

Visiting  Scienti^  and  Raaaarch  Affiliatas 

Yuzo  Hirayama,'  Kathy  Meehan.^  Paul  Gavrilovich, ^  Sheila  Prasad, >  Chuihun  Seo^ 

Graduate  Students 

Rajni  J.  Aggarwal,  Joseph  F.  Ahadian,  Eric  K.  Braun,  Woo-Young  Choi,  Isako  Hoshino,  Paul  S.  Martin, 
Lung-Han  Peng,  Yakov  Royter,  Krishna  V.  Shenoy,  Jurgen  H.  Smet 

Technical  and  Support  Staff 

Karen  Chenausky,  Charmaine  A.  Cudjoe-Flanders,  Angela  R.  Odoardi,  Richard  R.  Perilli 


1.1  Introduction 

The  broad  ot^ecth/e  of  our  research  effort  Is  to 
develop  lll-V  quantum  heterostructures  for  high- 
performance  electronic,  optoelectronic,  and  pho¬ 
tonic  devices  for  applications  in  high-speed  optical 
communications  and  signal  processing.  To  this 
end,  we  are  developing:  (1)  new,  higher  perfor¬ 
mance  materials  systems  including  InP-based 
InGaAIAs  heterostructures  and  <11 1>  oriented 
strained  layer  superlattioes;  (2)  novel  approaches  to 
integrate  laser  diodes  on  VLSI-level  electronic  inte¬ 
grated  circuits;  (3)  a  new  family  of  quantum-well- 
base,  tunnel-barrier  n-n-n  transistors  and  near-  and 
far-infrared  optoelectronic  devices;  and  (4)  new 
damage-free  in  situ  processing  techniques  for  fabri¬ 
cating  advanced  quantum  structure  arid  embedded 
heterostructures. 

TTie  following  sections  describe  our  progress  during 
the  past  year  in  the  above  research  areas.  Our 
group  works  closely  with  Professors  Hermann  A. 
Haus,  Erich  P.  Ippen,  and  James  G.  Fujimoto  to 
develop  the  optical  device  application,  characteriza¬ 
tion,  and  modeling  aspects  of  this  program,  with 
Professor  Henry  I.  Smith  to  develop  a  novel  distrib¬ 
uted  feedback  laser  structure,  and  with  Professor 
Sylvia  T.  Ceyer  to  develop  new  In  situ  processing 
techniques. 


1.2  Growth  Optimization  of  MBE-Gronvn 
InAiAs  on  inP 

Sponaora 

Advanced  Research  Projects  Agency/NCIPT 
Joint  Services  Electronics  Program 
Contract  DAAL03-92-C-0001 

Projact  Staff 

Woo-Young  Choi,  Professor  Clifton  G.  Fonstad,  Jr. 

InAIAs  grown  on  InP  is  of  great  importance  for 
many  electrical  and  optical  devices  that  utilize  semi¬ 
conductor  heterostructures.  The  material  quality  of 
InAiAs,  however,  still  leaves  much  to  be  desired.  It 
suffers  from  high  reactivity  of  aluminum  with 
oxygen-containing  residual  species  and  alloy  clus¬ 
tering  due  to  the  large  difference  in  in-As  and  Al-As 
bond  energies.  Consequently,  great  care  must  be 
taken  to  establish  growth  conditions  that  minimize 
these  degrading  effects. 

In  growing  InAiAs  with  an  MBE  machine  that  has 
ultraclean  vacuum  and  high-source  purity,  there  are 
two  controllable  growth  parameters  that  significantly 
affect  the  resulting  material  quality:  substrate  tem¬ 
perature  and  As  overpressure.  The  task  is,  then. 


1  Toshiba  Corporation  Ltd.,  Kawasaki,  Japan. 

2  Polaroid  Corporation,  Cambridge,  Massachusetts 

3  Northeastern  University,  Boston,  Massachusetts. 
*  KAIST,  Seoul,  Korea. 
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obtaining  the  optimal  combination  of  these  two  that 
gives  the  best  material  quality.  For  this  goal,  we 
performed  a  systematic  study  in  which  InAIAs 
samples  were  grown  on  InP  by  MBE  with  different 
combinations  of  growth  temperature  and  As  over¬ 
pressure  and  characterized  by  double  crystal  x-ray 
diffraction  (DCXRO)  measurements  for  the  evalu¬ 
ation  of  crystailine  quality,  Hall  measurements  for 
electrical  quality,  and  photoluminescence  (PL)  for 
opticai  quality. 

Figure  1  shows  different  growth  conditions  under 
which  five  InAIAs  samples  were  grown.  These 
samples  were  all  grown  below  the  RHEED  2x  to  4x 
transition  temperature,  as  shown  in  the  figure, 
above  which  the  required  As*stable  surface  condi¬ 
tion  cannot  be  maintained.  Figure  2  shows  the 
results  of  depend  on  MBE  growth  conditions.  Partic¬ 
ularly,  high-As  overpressure  provides  better  quality 
than  low  As  overpressure,  probably  because  it  mini¬ 
mizes  alloy  clustering.  In  a^ition,  under  a  given  As 
overpressure,  higher  growth  temperature  provides 
better  quality  because  it  most  likely  reduces  impu¬ 
rity  incorporation.  If  the  temperature  is  too  high.  As 
deficiency  may  degrade  the  material  quality.  The 
similar  trend  is  also  shown  in  photoluminescence. 


As  BEP  (Torr) 

Figure  1.  Five  different  InAIAs  growth  conditions  investi¬ 
gated.  Also  shown  is  the  As-rich  to  Group-lll-rich  transi¬ 
tion  temperature  measured  at  different  values  of  As 
overpressure. 


Figure  2.  Results  of  DCXRD  and  77K  Hall  measure¬ 
ments  for  samples  grown  under  different  growth  condi¬ 
tions. 


1.3  Fabrication  of  Ridge  Waveguide 
Distributed  Feedback  Lasers  by  X-ray 
Lithography 

Sponsors 

Advanced  Research  Projects  Agency/NCIPT 
Joint  Senrices  Electronics  Program 
Contract  DAAL03-92-C-0001 

Project  Staff 

Woo- Young  Choi,  Professor  Clifton  Q.  Fonstad,  Jr., 
in  collaboration  with  V.  Wong,  Professor  Henry  I. 
Smith,  Kathy  Meehan,  Paul  Gavrilovic,  P.  Whitney^ 

We  are  developing  novel  InP-based  ridge  wave¬ 
guide  distributed  feedback  (RWG  DFB)  lasers 
which  do  not  require  any  epitaxial  regrowth  or 
growth  on  corrugated  substrates.  Conventional  DFB 
lasers  have  gratings  buried  within  semiconductor 
materials,  and  this  necessitates  the  complicated 
and  often  yiekt-limiting  step  of  epitaxial  overgrowth 
on  top  of  gratings.  Our  approach  relies  on  high- 
quality  laser  materials  whose  device  performance, 
even  with  the  ridge  waveguide  confinement 
scheme,  is  adequate  for  many  applications.  We 
simply  add  gratings  next  to  the  ridge  waveguide 
after  the  formation  of  the  waveguide;  consequently, 
no  complicated  overgrowth  step  is  needed  and  the 
simple  and  mature  RWG  fabrication  technology  can 
be  fully  utilized.  Figure  3  schematically  shows  the 
structure  of  our  RWG  DFB  device. 


s  Lasertron,  Bedford,  Massachusetts. 
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Numerical  calculations  show  that  the  coupling  coef¬ 
ficient  values  in  the  range  of  10  to  100  cm-'  can  be 
easily  achieved  if  gratings  are  made  as  close  to  the 
ridge  as  possible  and  grating  etching  depth  is  about 
0.3  pm.  To  achieve  these,  we  are  utilizing  x-ray 
lithography  and  CH4/H2-based  RIE.  X-ray  lithog¬ 
raphy,  with  its  large  depth-of-focus  and  minimal 
proximity  effect,  can  provide  gratings  of  the  required 
period  on  non-planar  structures.  RIE  patterning  of 
gratings  as  well  as  waveguides  gives  waveguides 
with  vertical  side-walls  and  gratings  with  large 
aspect  ratios.  With  these  techniques,  we  have  suc¬ 
cessfully  fabricated  RWG  DFB  structures  on 
monitor  InP  wafers  as  shown  in  the  figure  4,  and 
we  are  now  in  the  process  of  fabricating  complete 
RWG  DFB  devices. 


DFB  structure. 


1.4  Numerical  Calculation  of  Coupling 
Coefficients  in  Ridge  Waveguide 
Distributed  Feedback  Lasers 

Sponsors 

Advanced  Research  Projects  Agency/NCIPT 
Joint  Services  Electronics  Program 
Contract  DAAL03-92-C-0001 

Project  Staff 

Woo-Young  Choi,  Professor  Clifton  G.  Fonstad,  Jr., 
in  collaboration  with  Jerry  C.  Chen  and  Professor 
Hermann  A.  Haus 

As  a  part  of  our  efforts  in  fabricating  novel  ridge 
waveguide  (RWG)  distributed  feedback  (DFB) 
lasers  that  do  not  require  any  epitaxial  regrowth,  we 
performed  systematic  numerical  studies  in  which 
the  coupiing  coefficients  were  calculated  against 
many  RWG  structural  parameters.  In  order  to  cal¬ 
culate  the  coupling  coefficients,  we  used  the 
coupled-mode  theory  which  takes  gratings  as  per- 


Figure  4.  A  RWG  DFB  structure  fabricated  with  x-ray 
lithography  and  CH4/H2  RIE.  The  ridge  height  is  1 .0  pm, 
the  grating  period  is  230  nm,  and  the  grating  etching 
depth  is  0.3  pm.  Note  that  gratings  are  as  close  to  the 
side-walls  of  the  ridge  as  possible  and  no  gratings  are 
formed  on  top  of  the  waveguide  as  required  for  a  com¬ 
plete  device  structure. 

turbation  to  grating-free  two-dimensional  wave¬ 
guides.  This  requires  an  accurate  two-dimensional 
field  intensity  profiie,  especialiy  around  the  bottom 
parts  of  the  ridge  side-walis  where  most  coupling 
between  gratings  and  the  evanescent  fields  occurs. 
Since  simple  two-dimensional  waveguide  solvers 
fail  to  provide  accurate  field  intensity  profile  around 
this  critical  region,  we  used  the  newly  developed 
imaginary-distance  beam  propagating  method 
(IDBPM)  for  calculating  accurate  two-dimensional 
field  intensity  profiles.  Figure  5  shows  schematically 
the  RWG  of  interest  along  with  the  parameters 
whose  influences  on  the  coupling  coefficient  were 
investigated.  Figure  6  shows  an  example  of  guided 
mode  intensity  profile  calculated  by  the  IDBPM. 

The  investigation  shows  that,  among  the  investi¬ 
gated  parameters,  the  ridge  width,  the  proximity  of 
the  gratings  to  the  ridge,  and  the  grating  duty  cycle 
have  the  most  significant  effects  on  the  coupling 
coefficient.  In  addition,  the  coupling  coefficients  in 
the  range  of  10  to  100  cm-'  are  easily  achieved, 
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ciearty  demonstrating  the  feasibility  of  the  proposed 
RWG  DFB  structure.  Furthermore,  calculations 
show  that  the  proposed  structure  hss  advantage 
over  Ufe  conventional  DFB  structure  because  it  has 


more  stable  Bragg  wavelength  against  the  ridge 
width  variations  and  the  spaiially-varying  coupling 
coefficient  OFB  structure  can  be  easily  achievable. 


FIgiva  5.  A  schematic  drawing  of  a  ridge  waveguide  distributed  feedback  laser  with  various  parameters  whose  influ¬ 
ences  on  the  coupling  coefficients  are  investigated. 
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1.5  Measurament  of  Excitod-stat0 
LHotImes  in  Narrow  Quantum  Walla 

Sponsor 

Joirtt  Services  Electronics  Program 
Contract  OAAL03-92-C-0001 

Protect  Staff 

Lung-Han  Peng,  Jurgen  H.  Smet,  Professor  Clifton 
G.  Fonstad,  Jr.,  in  collaboration  with  Professor 
Erich  P.  Ippen  arid  Gadi  Lenz 

Recent  achievement  of  1 .55  pm  intersubband  tran¬ 
sitions  using  three-monolayer  wide 
InGaAs/AIAs/lnAIAs  pseudomorf^ic  quantum  wells 
on  InP  has  opened  up  a  venue  to  study  the  carrier 
dynamics  and  time  resolved  optical  spectra  of  such 
transitions  in  this  important  optical  communication 
wavelength  window.  Fast  relaxation  times  and  large 
optical  nonlinear  behavior  are  the  major  merits 
expected  from  such  quantum-well  structures. 

The  1.55  pm  intersubband  transition  was  observed 
in  a  single  quantum  well  structure  measured  in  a 
waveguide  geometry  to  benefit  from  multiple  passes 
through  the  quantum  well  and  to  increase  the 
absorption  to  5  percent.  Nevertheless,  to  success¬ 
fully  carry  out  femtosecond  pump  probe  measure¬ 
ments,  modifications  of  the  sample  may  be 
required.  Current  work  is  directed  toward: 

1.  Improving  the  confinement  of  the  incident  light 
to  the  active  region  by  incorporating  the  single 
quantum  well  structure  into  a  ridge  waveguide. 

2.  Attempting  to  grow  a  stack  of  these 
pseudomorphic  single  quantum  wells  using 
strain  compensation  techniques. 

3.  Adding  quantum  wells  on  both  sides  of  the  thin 
quantum  well  to  improve  carrier  confinement  in 
the  upper  level  and  prevent  carrier  leakage  to 
the  InAIAs  barrier  region. 

4.  Exploring  the  AIGaAs/lnAs  system  on  GaAs. 
The  barriers  are  preferably  thick  and  in  this 
material  system  they  are  unstrained. 


1.6  Tunable  Semiconductor  Laeera 

Sponsor 

Advanced  Research  Projects  Agency/NCIPT 
Proleet  Staff 

Paul  S.  Martin,  Professor  Clifton  G.  Fonstad,  Jr.,  in 
collaboration  with  Professor  Hermann  A.  Haus 

Wavelength  division  multiplexing  (WDM)  applica¬ 
tions  such  as  the  channel  dropping  filter  proposed 
by  Professor  Hermann  A.  Haus  and  Bobby  Y.  Lai* 
require  tunable  lasers  and/or  optical  amplifiers.  We 
have  proposed  a  new  three-terminal  independently 
addressable  asymmetric  double  quantum  well 
(lAADQW)  structure  (figure  7)  in  which  current 
injection  into  two  quantum  wells  located  within  a 
single  mode  rib  waveguide  can  be  independently 
controlled.  Simulations  we  have  done  show  a  con¬ 
tinuous  tuning  range  of  more  than  20  nm  about  a 
center  wavelength  of  1.5  urn  for  the  structure 
shown  below  with  one  95  A  well  and  one  100  A 
well  (figure  8).  This  is  significantly  larger  than  the 
continuous  tuning  range  of  both  three-section  dis¬ 
tributed  Bragg  reflector  (DBR)  and  tunable  twin- 
guide  (TTG)  lasers  that  are  competing  for  use  in 
WDM  systems.  Furthermore,  because  the 
lAADQW  laser  is  a  three-terminal  device,  light 
output  power  can  be  held  constant  over  the  entire 
tuning  range,  making  the  lAADQW  an  important 
candidate  for  WDM  a^ications. 

Fabrication  of  the  lAADQW  devices  has  begun 
using  a  self-aligned  technique  we  developed  in 
which  a  single  photolithography  step  defines  a 
photoresist/silicon  diode  layer.  We  use  this  layer 
as:  (1)  an  etch  mask  for  the  definition  of  an  optical 
waveguide  using  reactive  ion  etching  (RIE);  (2)  an 
ion  implant  mask  that  we  use  to  confine  the  current 
injection  in  the  lower  quantum  well;  and  (3)  a  lift-off 
stencil  for  defining  the  N-type  contact  to  the  center 
well  region.  Use  of  this  technique  eliminates  critical 
lithographic  alignments  that  can  make  the  fabri¬ 
cation  of  three-terminal  devices  prohibitively 
complex. 


«  H.A.  Haus  and  Y.  Lai,  ’NarrowHMuid  Opiiccri  Channel  Dropping  Filter,’  IEEE  J.  Ughtimve  Tech.  10;  57-62  (1982). 
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lAADQW  Process  Summary 

1) 810.  D^MMWon 

2)  Plwtolltliogniphic  DeflnMon  of  Ridge  Waveguide 

3)  RiE  of  SiQ.and  P  AiGaAa  CM 

4)  ion  impiantation  of  Hydrogen  Current  Confinenient  Layer 

5)  AuCe  Evaporation  Mid  SiQ.  AeeiaM  Liftoff 

6)  SiOiRiE  Planarization 

7)  AuZn  P  Contact  Evaporation 


Figure  7.  lAADQW  process  description. 


Tuning  curve  for  9SA/100A  lAADQW 


Figure  8.  lAADQW  simulated  tuning  range. 
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1.7  Integration  of  Vertically-emitting, 
In-plane  Cavity  Laser  Diodes  on  GaAs 
VLSI  Circuitry 

Sponsors 

Advanced  Research  Projects  Agency/NCIPT 
Hertz  Foundation  Fellowship 

Project  Staff 

Krishna  V.  Shenoy,  Professor  Clifton  G.  Fonstad, 
Jr.,  in  collaboration  with  W.  Goodhue^ 

We  have  demonstrated  for  the  first  time  key  compo¬ 
nents  of  a  fabrication  sequence  for  manufacturing 
monolithic  optoelectronic  very  large  scale  inte¬ 
gration  (OE-VLSI)  circuits  and  systems.”  Commer¬ 
cially  available  refractory-gate  metal  VLSI  GaAs 
MESFETs  have  recently  been  shown  to  be  stable 
after  more  than  three  hours  at  500°C.”  Thus,  it  is 
now  possible  to  regrow  optical  sources,  detectors, 
and  modulators  on  fully  processed  MESFET  circu¬ 
itry.  VLSI  circuits  and  systems  can,  therefore,  be 
built  with  optical  inputs  and  optical  outputs  without 
electronic  circuit  design  rule  modification.  Such 
OE-VLSI  circuits  and  systems  are  useful  for  high¬ 
speed  optical  communication  and  optical  computing 
(smart  pixels). 

An  OE-VLSI  circuit  can  be  fabricated  in  four  steps: 
(1)  foundry  fabrication  of  the  electronic  circuit 
design,  (2)  selective  epitaxial  regrowth  of  photonic 
heterostructures  in  window  regions  (GaAs  substrate 
exposed),  (3)  removal  of  inter-window  polycrystal¬ 
line  material  and  photonic  device  processing,  and 
(4)  photonic  and  electronic  device  interconnection. 
By  cascading  these  mature  technologies,  high- 
performance  OE-VLSI  circuits  are  immediately 
available.^” 


An  OE  transceiver  (generic  smart  pixel)  was 
designed,  regrown,  ar^  is  nearing  completion  to 
demonstrate  the  high-density  integration  of  LEDs, 
ridge  lasers,  and  in-plane  surface  emitting  lasers 
(IPSELs)  with  state-of-the-art  VLSI  GaAs  MESFET 
transceiver  designs.  IPSELs  are  attractive  for  the 
following  reasons:  (1)  Vth<2V  is  compatible  with 
DCFL  MESFET  logic  levels;  (2)  heterostructure 
thickness;  »  4  ^m  is  planar  with  electronics,  (3)  low 
divergence  angles  (13°  J.  FWHM),'^  and  (4)  rjo  as 
high  as  66  percent  pulsed  and  48  percent  cw.'” 
Figure  9  is  a  cross-section  of  a  selectively  grown 
strained-layer  (AI,Ga,ln)As  laser  heterostructure  in 
which  vertical  mirror  facets,  a  parabolic  deflection 
mirror,  and  a  ridge  waveguide  have  been  fabricated 
using  chlorine  ion-beam-assisted  etching.  Figure 
10  is  a  scanning  electron  micrograph  of  a  com¬ 
pleted  monolithically  integrated  IPSEL  on  a 
transceiver  chip.  Preliminary  optoelectronic  charac¬ 
terization  is  currently  underway.^” 


Figure  9.  Cross-section  of  OE-VLSI  transceiver  chip  with 
selectively  grown  strained-layer  (AI,Galn)As  laser 
heterostructure  in  which  vertical  mirror  facets,  a  parabolic 
deflection  mirror,  and  a  ridge  waveguide  have  been  fabri¬ 
cated  using  chlorine  ion-beam-assisted  etching. 


r  MIT  Lincoln  Laboratory,  Lexington,  Massachusetts. 

8  K.V.  Shenoy.  P.R.  Nuytkens,  C.G.  Fonstad.  Jr.,  G.D.  Johnson.  W.D.  Goodhue,  and  J.P.  Donnelly,  ’Optoelectronic  VLSI  Circuit  Fabri¬ 
cation,’  lEEE/LEOS  Annual  Meeting,  San  Jose,  CalHomia,  November  1993. 

9  K.V.  Shenoy,  C.G.  Fonstad,  Jr.,  and  J.M.  Mikkelson,  ’High-temperature  Stability  of  Refractory-Metal  GaAs  VLSI  MESFETS,’  iEEE 
Electron  Dev.  Lett.,  forthcoming. 

10  A.C.  Grot,  K.V.  Shenoy,  C.G.  Fonstad.  Jr.,  and  D.  Psaltis,  "Integration  of  LEDs  and  GaAs  Circuits  by  MBE  Regrowth,’  IEEE  Pho¬ 
tonics  Tech.  Lett.,  fortficoming. 

11  J.P.  Donnelly,  W.D.  Goodhue,  et  al..  ’High  Quantum  Efficiency  Monolithic  Arrays  of  Surface-Emitting  AIGaAs  Diode  Lasers  with 
Dry-Etched  Vertical  Facets  and  Parabolic  Deflecting  Mirrors,"  Appl.  Phys.  Lett.  61  (13):  1487  (1992). 

12  J.P.  Donnelly,  W.D.  Goodhue,  et  al.,  "cw  Operation  of  Monolithic  Arrays  of  Surface-Emitting  AIGaAs  Diode  Lasers  with  Dry-Etched 
Vertical  Facets  and  Parabolic  Deflecting  Mirrors,"  IEEE  Photonics  Tech.  Lett.,  forthcoming. 

13  C.G.  Fonstad,  Jr.,  'Application  Specific  OEICs  Fabricated  Using  GaAS  1C  Foundry  Services,"  (invited  talk)  lEEE/LEOS  Summer 
Topical  Meeting,  Lake  Tahoe,  Nevada,  July  1994. 
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Figure  10.  Scanning  eiectron  micrograph  of  a  compieted 
IPSEL  structure  monolithically  fabricated  in  a  dielectric 
window  on  a  transceiver  chip  designed  at  MIT  and  fabri¬ 
cated  at  Vitesse  Semiconductor  Corporation  through 
MOSIS. 


1.8  Thermal  Stability  of  GaAs  MESFET 
VLSI  Circuits 

Sponsors 

Advanced  Research  Projects  Agency/NCIPT 
National  Science  Foundation  Fellowship 
Hertz  Foundation  Fellowship 


Prolsct  Staff 

Eric  K.  Braun,  Krishna  V.  Shenoy,  Professor  Clifton 
Q.  Fonstad,  Jr.,  in  collaboration  with  J.  Mikkeison^* 
with  Q.  Hansell,’’  and  A.  Harton'*  and  C.  Wyatt'* 

Integration  of  optical  devices  with  VLSI  GaAs  cir¬ 
cuits  by  MBE  regrowth  has  recently  been  demon¬ 
strated.  The  time  temperature  budget  of  the 
epitaxial  layers  is  constrained  by  the  thermal  sta¬ 
bility  of  the  GaAs  MESFET  circuits.  Investigations 
to  date  have  demonstrated  that  commercially  avail¬ 
able  GaAs  VLSI  discrete  devices  exhibit  stable 
characteristics  for  three  hour  thermal  cycles  at  tem¬ 
peratures  up  to  500°C.  In  this  research  we  are 
continuing  to  evaluate  the  DC  and  AC  performance 
of  commercial  VLSI  GaAs  MESFETs  after  thermal 
cycles  of  varying  time  and  temperature.  DC  tests 
on  refractory-gate  metal  MESFETs,  from  Vitesse 
Semiconductor  Corf^ration's  HGaAs2  process  and 
Motorola  Corporation’s  CS-1  process,  show 
reduced  MESFET  performance,  after  three  hour 
thermal  cycles,  for  temperatures  above  500°C 
(figure  11).  DC  parameters  were  extracted  from 
enhancement  mode  MESFETs  (EFETs),  depletion 
mode  MESFETs  (DFETs)  and  transmission  line 
model  structures  on  the  standard  process  control 
monitor  test  bars.  It  is  observed  that  the  EFET  and 
DFET  parameter  trends  are  in  agreement. 
Threshold  voltage,  Schottky  diode  ideality,  Schottky 
barrier  voltage,  contact  resistance,  and  sheet  resist¬ 
ance  all  show  no  significant  trends.  However,  with 
increasing  cycle  temperature,  transconductance  and 
saturation  current  decrease  as  the  channel  series 
resistance  increases. 

Future  work  on  the  thermal  cycle  response  of  VLSI 
GaAs  MESFET  circuits  will  be  directed  in  the  fol¬ 
lowing  three  areas:  (1)  Additional  DC  tests  of  the 
latest  refractory-metal  gate  processes  from  Vitesse 
and  Motorola  spanning  a  wider  time  and  temper¬ 
ature  range.  (2)  AC  tests  of  the  Motorola  and 
Vitesse  processes  including  the  measurement  of 
ring  oscillators.  (3)  Testing  of  a  gate-less  process 
flow  provided  by  Vitesse  to  isolate  the  mechanism 
for  the  increasing  channel  resistance. 


'*  Vitesse  Semiconductor  Corporation,  Camariilo,  California. 
<5  Motorola  Inc.,  Phoenix,  Arizona. 

<6  Motorola  Inc.,  Schaumberg,  Illinois. 
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Figure  11.  (left)  1  Qm  (mS/mm)  versus  thermal  cycle  temperature  (°C).  (right)  Rdmi(Q)  versus  thermal  cycle  temper¬ 
ature  (“C). 


1.9  Gas  Source  MBE  of  InGaAsP  Laser 
Diodes  on  GaAs  Substrates 

Sponsor 

Advanced  Research  Projects  Agency/NCI  PT 

Project  Staff 

Joseph  F.  Ahadian,  Professor  Clifton  G.  Fonstad, 
Jr,  in  collaboration  with  Professor  Leslie  A. 
Kolodziejski 

The  collaborative  effort  between  Professors  Clifton 
G.  Fonstad,  Jr.,  and  Leslie  A.  Kolodziejski  is  aimed 
at  the  development  of  Al-free  compound  semicon¬ 
ductor  lasers  as  part  of  a  program  to  develop  com¬ 
mercially  viable  OptoElectronic  VLSI  circuit 
(OE-VLSI)  technology.  Lasers  are  ultimately  to  be 
regrown  on  oommercialiy  fabricated  GaAs  MESFET 
VLSI  circuits.  These  VLSI  circuits  have  been  found 
to  withstand  temperatures  up  to  500°C  for  several 
hours  without  degradation.  While  this  condition 
counterindicates  the  use  of  conventionally  grown 
AIGaAs  based  lasers,  which  traditionally  require 
growth  temperatures  greater  than  600°C  to  achieve 
high-quality  material,  the  InGaAsP  system  is 
normally  grown  at  a  substrate  temperature  of 
approximately  500°C. 

At  present,  multiple  quantum  well 
InGaAs/GaAs/InGaP  lasers  are  under  development. 
The  lasers  are  to  be  grown  by  GSMBE  in  Professor 
Kolodziejski's  laboratory.  To  date,  high-quality 
InGaP  epilayers  on  GaAs  substrates  have  been 
achieved,  and  doping  studies  are  underway.  Phase 
I,  the  growth  of  a  preliminary  double  heterostructure 


laser  structure,  began  in  February  1994.  Phase  II 
will  involve  growth  of  quantum  well  active  regions 
and  Phase  III  will  build  on  this  structure  to  achieve 
state-of-the-art  graded  index,  quantum  well  perfor¬ 
mance. 


1.10  High-Density  OEIC  Neural  Systems 
Produced  by  Monolithic  Integration  of 
GaAIAs  Light  Emitting  Diodes  on  GaAs 
MESFET  VLSI  Circuits 

Sponsor 

Advanced  Research  Projects  Agency/NCIPT 

Project  Staff 

Krishna  V.  Shenoy,  Professor  Clifton  G.  Fonstad, 
Jr.,  in  collaboration  with  A.  Grot'^  and  D.  Psaltis^^ 

Recently  is  has  been  shown  that  commercially 
available,  self-aligned  VLSI  GaAs  MESFETs  are 
stable  after  more  than  three  hours  at  500°C.^” 
Thus,  it  is  now  possible  to  use  molecular  beam 
epitaxy  techniques  to  regrow  optical  sources,  detec¬ 
tors,  and  modulators  on  fully  processed,  high- 
density  MESFET  circuitry  without  electronic  design 
rule  modifications.  Such  optoelectronic  arrays  are 
potentially  extremely  useful  in  optical  neural 
systems  where  planes  of  electronic  "neurons”  are 
optically  interconnected  in  the  third  dimension. 

A  first  generation  optoelectronic  "bump"  neuron  was 
fabricated  to  demonstrate  the  integration  of  two 
phototransistor  for  optical  inputs  (E-MESFETs), 
nonlinear  thresholding  electronics  (E^-MESFETs), 


17  Califomia  Institute  of  Technology,  Pesedena,  CaHfomia. 

IB  K.V.  Shenoy,  C.Q.  Fonstad,  Jr.,  and  J.M.  Mikkalson,  ’High-tamperature  Stability  of  Refractory-Metal  GaAs  VLSI  MESFETS,'  IEEE 
Electron  Dev.  Lett.,  forthcoming. 
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and  a  regrown  AIGaAs  LED  for  optical  output/^  The 
desired  optoelectronic  thresholding  function  was 
achieved  while  maintaining  good  electronic  circuit 
performance  and  LED  efficiencies. 

Based  on  this  initial  success,  three  additional  gen¬ 
erations  of  optoelectronic  neural  chips  have  been 
designed,  regrown,  and  fabricated  incorporating 
increasingly  complex  neural  circuits  and  more 
refined  processing  techniques.  These  techniques 
include  regrowth  in  dielectric  windows  as  small  as 
10/im  X  10 /im,  bottom  side  m  LED  contacts 
made  by  regrowth  on  n*  source/drain  ion-implanted 
regions,  and  monolithic  LED-probe  pad  interconnect 
metallization.  Figure  12  shows  a  cross  section  of  a 


Generation  4  neural  chip  with  an  LED  regrown  on  a 
source/drain  ion  implanted  region  in  a  dielectric 
window.  Winner-take-all  (WTA)  circuits,  where  the 
only  LED  that  is  on  is  the  output  associated  with 
the  neuron  in  an  array  with  the  largest  optical  input 
signal,  were  successively  demonstrated.  Figure  13 
shows  the  ou^  power  of  two  competing  branches 
when  the  optical  power  on  unit  1  was  fixed  at  30 
nW  while  the  power  on  unit  2  varied  from  0  to  100 
nW.  A  Generation  5  neural  chip  is  in  progress, 
which  will  demonstrate  a  100-element  optoelec¬ 
tronic  WTA  array  and  will  provide  a  significantly 
higher  speed  alternative  to  spatial  light  modulator 
arrays  currently  used  in  optical  neural  systems. 
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Figure  12.  Cross-section  of  a  Vitesse/MOSIS  chip  with  LED  grown  in  the  dielectric  via. 


19  A.C.  Grot,  K.V.  Shenoy,  C.G.  Fonstad,  Jr.,  and  D.  Psaltis,  ’Integration  of  LEDs  and  GaAs  Circuits  by  MBE  Regrowth,'  IEEE  Pho¬ 
tonics  Tech.  Lett.,  forthcoming;  A.C.  Grot,  D.  Psaltis,  K.V.  Shenoy,  and  C.G.  Fonstad,  Jr.,  'GaAs  Optoelectronic  Neuron  Circuits 
Fabricated  Through  MOSIS,'  OSA  Annual  Meeting,  Toronto,  Canada,  November  1993;  K.V.  Shenoy,  C.G.  Fonstad,  Jr.,  A.C.  Grot, 
and  D.  Psaltis,  'MBE  Regrowth  of  LEDs  on  VLSI  GaAs  MESFETs,'  IEEE  Device  Research  Conference,  UCSB,  June  1993;  A.C. 
Grot,  D.  Psaltis,  K.V.  Shenoy,  and  C.G.  Fonstad,  Jr.,  'Application  Spedtic  OEtCs  Fabricated  Using  GaAS  1C  Foundry  Sennces,'  OSA 
Topical  Meeting,  Palm  Springs,  California,  March  1993. 
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3  Unit  Winrter-Taka-Ail  Ciicuit  after  regrowth 


p,>aoHw 


Figure  13.  Output  power  of  two  competing  branches  of 
a  winner-take-atl  circuit. 


Figure  14.  Transceiver  biock  diagram  (above)  showing  ECL  input  and  output  levels,  a  MSM  detector  with 
transimpedance  amplifier,  a  MBE  regrown  laser  diode,  and  a  cross  point  switch. 


17 


Chapter  1 .  Heterostructures  for  High-Performance  Devices 


1.11  Surface-Normal  Optical  Input  and 
Output  Cells  for  High-Density,  High 
Sp^  GaAs  MESFET-based  OEICs 

Sponsor 

Advanced  Research  Projects  Agency/NCIPT 

Project  Staff 

Krishna  V.  Shenoy,  Professor  Clifton  G.  Fonstad, 
Jr.,  in  collaboration  with  P.R.  Nuytkens 

Optoelectronic  signal  processors  have  become 
major  components  of  advanced  communication 
systems,  real-time  signal  processors,  and  high- 
performance  sensing  systems,  integrated  optoelec¬ 
tronics  offers  potential  to  significantly  advance 
these  systems  as  well  as  to  enable  the 
commercialization  of  board-to-board  optical  inter¬ 
connects.  In  order  to  fully  exploit  the  potential  of 
optoelectronic  devices,  semiconductor  processes 
and  technology  must  be  designed  to  monolithically 
integrate  photodetectors,  laser  diodes,  optical  mod¬ 
ulators  and  VLSI  transistor  circuits.  Such  monolithic 
optoelectronic  device  technology  results  in  lower 
cost,  reduced  power  consumption,  higher  band¬ 
width,  lower  weight,  increased  reliability  and 
increased  performance  of  optoelectronic  systems. 

An  optoelectronic  integrated  circuit  (OEIC) 
transceiver  has  been  designed  (Nuytkens,  MIT), 
fabricated  in  the  Vitesse  Semiconductor,  Inc. 
HGaAss  technology  through  MOSIS,  molecular 
beam  epitaxially  regrown,  and  in-plane  surface- 
emitting  laser  diodes  (IPSELs)  have  been  fabri- 
cated.“  The  OEIC  transceiver  accepts  either 
electrical  or  optical  signal  inputs  and  generates  cor¬ 
responding  electrical  or  optical  signal  outputs.  The 
OEIC  incorporates  an  ECL  electrical  input  receiver 
and  output  driver,  an  MSM  photodetector,  a 
transipedance  amplifier,  cross  point  switch,  and 
control  logic.  The  OEIC  transceiver  demonstrates 
four  possible  signal  conversions  (figure  14):  (1) 
Electrical  signal  at  ECL  level  input,  through  interme¬ 
diate  DCFL  electrical  level,  to  ECL  level  output;  (2) 
Electrical  signal  at  ECL  level  input,  through  laser 
current  driver,  to  optical  signal  at  0.98  fjm  wave¬ 
length  output  (via  regrown  IPSELs);^'  (3)  Optical 
signal  at  0.86  ^m  wavelength  input,  through 


transimpedance  amplifier,  to  electrical  signal  at  ECL 
level  output,  and  (4)  Optical  signal  at  0.86  ^m 
waveleng^  input,  through  transimpedance  amplifier 
and  laser  current  driver,  to  optical  signal  at  0.98  /im 
wavelength  output.  Figure  15  shows  the  layout  of 
the  transceiver  circuitry  and  the  dielectric  windows 
in  which  the  IPSELs  are  regrown.  Preliminary  opto¬ 
electronic  characterization  is  underway. 
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Rgure  15.  Each  5  mm  x  5  mm  chip  contains  twenty  four 
individual  transceivers  (right),  each  of  whic^  is 
500  pm  X  1 500  pm  including  cascade  probable  pads  and 
two  400  pm  X  100  pm  windows  for  (AIGaln)As  laser 
diode  MBE  regrowth. 


20  K.V.  Shenoy,  P.R.  Nuytkens,  C.G.  Fonstad,  Jr.,  G.D.  Johnson,  W.D.  Goodhue,  and  J.P.  Donnelly,  'Optoelectronic  VLSI  Circuit  Fabri¬ 
cation,'  lEEE/LEOS  Annual  Meeting,  San  Jose,  California,  November  1993. 

21  K.V.  Shenoy,  C.G.  Fonstad,  Jr.,  and  J.M.  Mikkelson,  'High-temperature  Stability  of  Refractory-Metal  GaAs  VLSI  MESFETS,'  IEEE 
Electron  Dev.  Lett.,  forthcoming;  C.G.  Fonstad,  Jr.  'Ap^lcatlon  Specific  OEICs  Fabricated  Using  GaAS  1C  Foundry  Services,' 
IEEE/LEOS  Summer  Topical  Meeting,  Lake  Tahoe,  Nevada,  July  1994. 
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1.12  Fiber-coupled  QaAe 
MESFET-beeed  OEICe 

Sponsor 

Advanced  Research  Projects  Agency/NCIPT 
Project  Staff 

Eric  K.  Braun,  YaKov  Royter,  Professor  Clifton  G. 
Fonstad.  Jr. 

Recently,  due  to  the  fiberoptic  telecommunications 
boom,  much  work  has  been  done  in  the  area  of 
integration  of  semiconductor  optical  devices,  such 
as  modulators,  detectors,  and  lasers,  with  driving 
electronics  made  up  of  MESFETs,  MOOFETs,  and 
HBTs.  However,  the  necessity  to  optimize  both  the 
opticai  and  eiectronic  devices  simultaneously  make 
this  approach  slow.  Our  project  is  to  integrate 
mature  GaAs  electronic  ICs  with  optical  compo¬ 
nents,  by  selectively  growing  using  MBE  optical 
devices  on  open  areas  of  commercial  quality  1C 
chips.  This  has  aiready  been  successfuiiy  achieved 
for  integrating  surface  emitting  iaser  diode  array 
with  such  electronics.^  Our  goal  is  to  demonstrate 
a  working  optical  switching  circuit  fabricated  on  and 
integrated  with  a  GaAs  1C  chip  (figure  16).  The 
basic  optical  components  of  this  system  are  passive 
waveguides,  waveguide  couplers  and  Y-junctlons, 
phase  modulators,  and  detectors.  The  electronics 


will  consist  of  driving  and  amplifying  circuit  for  the 
modulators,  and  detectors,  as  well  as  signal 
detection  and  routing  decision  digital  circuits. 

The  first  version  of  the  circuit  will  consist  of  conven¬ 
tional  double  heterostructure  waveguides  and 
electro-optic  modulators,  with  total  internal  reflection 
mirror  coupled  MSM  detectors.  A  schematic  of 
integrating  a  waveguide  with  a  modulator  or  a 
detector  is  shown  in  figure  17.  A  quantum  well 
heterostructure  version  of  the  system  will  also  be 
attempted  in  order  to  take  advantage  of  the  strong 
electro-optic  effect  in  QW  structures.  Finally,  a 
structure  with  an  InGaAs  detector  layer  will  be 
attempted,  which  wiii  enable  the  system  to  operate 
at  the  industry  standard  wavelength  of  1.35  m. 

One  of  the  biggest  challenges  of  this  project  is  the 
fabrication  of  the  optical  circuits  on  the  exposed 
areas  of  the  chip  without  causing  drastic  deteri¬ 
oration  of  the  1C  performance.  According  to  recent 
studies  performed  on  the  ICs,  this  means  that  all  of 
epitaxial  growth  has  to  be  performed  at  temper¬ 
atures  below  520°C.  Thus,  to  quantify  the  effect  of 
low  temperature  grown  AIGaAs,  we  are  performing 
a  study  of  waveguide  loss  in  this  material.  At  the 
same  time,  we  are  working  on  the  optimization  of 
our  opticai  circuit  using  BPM  simuiation  software. 
Finaliy,  we  are  addressing  the  issues  of  size 
reduction  of  the  optical  system,  as  well  as  the 
waveguide-fiber  coupling  issue. 


Figure  16.  A  schematic  representation  of  the  proposed  OEIC  network  signal  router. 
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Figure  17.  A  schematic  structure,  showing  typical  ways  of  integrating  modulators  and  detectors  with  waveguides  in  the 
proposed  structures. 


1.13  Low-temperature,  Selective-area 
MBE  Growth  of  GaAllnAs  Laaer  Diodee 
and  Optical  Waveguides  on 
Semi-insulating  GaAs  Substrates 

Sponsor 

Advanced  Research  Projects  Agency/NCIPT 

Proiect  Staff 

Eric  K.  Braun,  Yakov  Royter,  Krishna  V.  Shenoy. 
Professor  Clifton  G.  Fonstad,  Jr. 

Integration  of  optical  devices  on  commercially  avail¬ 
able  VLSI  GaAs  circuits  requires  MBE  growth  of 
heterostructures  at  temperatures  at  or  below  ~ 
500°C  to  avoid  electronic  device  and  circuit  perfor¬ 
mance  deterioration.  Al  containing  MBE  grown 
lasers  at  lowered  growth  temperatures  (<  600X) 
exhibit  substantially  reduced  performance  with 
threshold  current  densities  typically  an  order  of 
magnitude  or  more  higher  than  at  optimal  growth 
temperatures  ( ~  yoo^C).  However,  a  mechanism 
for  the  reduced  performance  has  not  been  clearly 
isolated.  This  research  is  intended  to  identify,  as 
either  optical  or  electrical,  the  nature  of  the  domi¬ 
nant  degradation  mechanism. 


To  decouple  the  electrical  and  optical  contributions 
to  the  increasing  threshold  current  density  as 
growth  temperature  is  lowered,  waveguide  loss 
measurements  on  the  same  structure  have  been 
proposed.  The  experimental  setup  for  measuring 
waveguide  loss  is  shown  in  figure  18.  A  narrow 
linewidth  laser  (17  MHz)  is  focused  into  one  end  of 
the  waveguide  cavity  and  the  transmitted  beam  is 
collected  at  the  other  end  by  microscope  ot^ectives. 
A  heat  lamp  is  used  to  modulate  the  index  of 
refraction  and  length  of  the  waveguide  resulting  in 
Fabry-Perot  oscillations  of  the  transmitted  intensity. 
The  ratio  of  the  maximum  to  minimum  intensity  in 
the  oscillation  pattern  can  be  related  to  the  wave¬ 
guide  loss  coefficient,  as  shown  in  figure  19.  Using 
this  setup  the  waveguide  loss  can  be  determined  to 
an  accuracy  of  0.5  dB/cm.  Waveguide  loss  mea¬ 
surements  will  be  performed  on  GaAllnAs  strip 
loaded  waveguides,  with  both  doped  and  undoped 
cladding  layers,  over  the  growth  temperature  range 
of  350°C  to  700°C.  Laser  diodes,  fabricated  from 
the  dop^  waveguides,  will  then  be  ^aracterized. 
Using  this  information,  it  will  be  possible  to  design 
new  heterostructure  and  doping  profiles  to  improve 
lowered-temperature  MBE  grown  AIGaAs  laser  per¬ 
formance.  These  proposed  experiments  will  also  be 
essential  for  the  proper  design  of  integrated  passive 
optical  components,  including  waveguides  and 
rriodulators. 
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Figura  18.  Waveguide  loss  measurement  setup. 


Flgura  19.  Calculated  optical  loss  versus  measured 
Fabry  Perot  transmission  p^  to  valley  ratio. 


1.14  Applications  of  Resonant 
Tunneling  Diodes  in  GaAs  MESFET 
VLSI 

Sponsor 

U.S.  Army  Research  Office 
Grant  DAAL03-92-G-0251 

Project  Stalf 

Rajni  J.  Aggarwal,  Professor  Clifton  G.  Fonstad,  Jr., 
in  coliaboration  with  P.R.  Nuytkens 

We  are  investigating  the  integration  of  Resonant 
Tunneling  Diodes  (RTDs)  with  GaAs  MESFETs. 
Our  focus  is  on  the  determination  of  the  optimum 
diode  electrical  characteristics  for  RTD  based  the 
SRAM  cell  shown  in  figure  20.  Based  on  previous 
theoretical  work,  the  desired  diode  has  a  low  reso- 
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nance  voltage,  a  high  peak  to  valley  current  ratio 
(PVCR),  and  an  extended  low  current  valley. 

Using  molecular  beam  epitaxy,  we  have  grown 
GaAs/AIAs,  GaAs/InGaAs/AIAs  and  relaxed  buffer 
InGaAs/AIAs  resonant  tunneling  structures.  In 
these  structures,  the  smaller  bai^ap  of  InGaAs  is 
used  to  reduce  both  the  resonance  voltage  and 
valley  current  of  the  devices.  The  relaxed  buffer 
devices  use  thick  InGaAs  layers  of  increasing 
indium  fraction  to  change  the  lattice  constant  of  the 
substrate,  enabling  the  growth  of  higher  percentage 
indium  containing  diodes.  We  have  successfully 
demonstrated  working  diodes  using  all  three  struc¬ 
tures.  The  7:1  @  300K  (17.5:1  @  77K)  PVCR 
obtained  on  a  relaxed  buffer  diode  is  the  highest 
obtained  for  such  a  structure. 

Diodes  were  tested  in  the  SRAM  configuration. 
Initiai  tests  were  performed  to  verify  the  bistable 


nature  of  a  series  diode  chain.  In  these  measure¬ 
ment,  the  diode  supply  voltage  was  varied  as  the 
node  voltage  was  measured.  Subsequent  mea¬ 
surements  focused  on  understanding  the  memory 
cell  switching  process.  In  these  measurements,  a 
programmable  current  source  was  used  to  simulate 
the  MESFET.  Figure  20  (right)  shows  a  trace  of  a 
cell  going  through  a  write  HI,  hold  HI,  write  LO,  hold 
LO  cycle.  For  a  given  cell,  the  maximum  current 
necessary  for  switching  will  be  the  differenrt  in  the 
peak  and  valley  currents  for  the  diode  with  the 
largest  PVCR.  However,  the  switching  current  is  a 
function  of  the  supply  voltage  and  can  be  reduced 
by  adjusting  the  bias  of  the  cell.  There  is  an 
inherent  tradeoff  between  switching  and  static 
current.  Future  work  will  involve  examining  the 
dynamics  of  the  switch  in  an  effort  to  quantify  more 
specifically  the  influence  of  diode  current  density, 
capacitance,  and  resistance  on  the  switching 
process. 


Figure  20.  (left)  Schematic  of  RTD  based  SRAM  cell,  (right)  Operation  of  RTD  based  SRAM  cell  with  simulated 
MESFET  input. 


1.15  Polarization-resolved  Infrared 
Spectra  of  Very  Narrow  AlAs/InGaAs/lnP 
Quantum  Wells 

Sponsor 

National  Science  Foundation 
U.S.  Army  Research  Office 
Grant  DAAL03-92-G-0251 


Project  Staff 

Lung-Han  Peng,  Jurgen  H.  Smet,  Yuzo  Hirayama, 
Professor  Clifton  G.  Fonstad,  Jr. 

The  application  of  lll-V  quantum  well  (QW) 
C1-to-C2  intersubband  transitions  for  far  (8 
-  10#im)  and  mkJ  (1  ~5ium)  infrared  (IR)  detection 
have,  owing  to  their  quantum  structure-enhanced 
dipole  transition,  fast  response  speed,  and  reliance 
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on  more  mature  growth  and  process  technologies, 
substantial  advantages  over  the  bulk  mercury- 
based  materials,  which  are  known  to  suffer  serious 
problems  of  device  uniformity  and  yield. 

To  date,  the  IR  device  application  of  QW  intersub¬ 
band  transitions  has  been  hindered  by  the  inappro¬ 
priate  geometry  used  to  study  their  optical  selection 
rules.  Our  group  has  developed  a  polarization- 
resolved  IR  techniques  for  Fourier  transform 
infrared  (FTIR)  and  near  infrared  grating  (NIR) 
spectroscopic  study  of  QW  optical  transitions  in  the 
wavelength  range  from  400  nm  to  20  /rm. 

Figure  21  shows  the  device  structures,  exper¬ 
imental  setup,  and  polarization-resolved  IR  absorp¬ 
tion  data  used  in  our  study  of  AlAs/InGaAs  QW 


intersubband  transitions.  By  engineering  the  com¬ 
position  and  width  of  the  InGaAs  QW,  we  have  suc¬ 
ceeded  in  bringing  the  intersubband  absorption 
peak  wavelength  into  the  NIR  (1.55/im~3/im) 
regime.  Our  data  also  shows  that  by  employing 
strained  InGaAs/AIAs  QWs,  intersubband  transitions 
exhibit  (1)  equally  strong  TE-  and  TM-polarization 
activity  and  (2)  strain-induced  polarization  splitting. 

Future  work  in  strain  InGaAs/AIAs  QW  waveguide 
devices  will  focus  on  their  applications  in 
integerated  optics  by  using  (1)  linear  intersubband 
absorption  for  fast  IR  detectors  and  modulators  in 
the  1.55  ^m  spectral  region  for  fiber  optics  commu¬ 
nication  systems  and  (2)  nonlinear  effects  of  QW 
intersubband  and  interband  transitions  for  surface 
emitting  of  visible  sum-frequency  generation. 
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Figure  21.  Polarization-resolved  IR  absorption  data  for  strain  InGaAs/AIAs  single  quantum  wells  measured  in  a  wave¬ 
guide  configuration.  Samples  (a)  ~  (h)  are  n^  InGaAs  welts  of  3,  4,  5,  6,  10,  15, 17,  and  22  monolayers  in  thickness. 
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InOsAs/AlAs  Intarsubbend  Strain  Spllltinfl 


Figure  22.  Linear  dpendence  of  QW  intersubband  poiar- 
ization  splitting  with  QW  strain. 


1.16  Symmetry  Properties  of  Quantum 
Well  Subband  Energy  Levels  and 
Selection  Rules  for  Intersubband 
Transitions 

Sponsor 

National  Science  Foundation 

Project  Staff 

Lung-Han  Peng,  Professor  Clifton  G.  Fonstad,  Jr., 
in  collaboration  with  Professors  R.V.  Jones*®  and 
Victor  Ehrenrich*® 

According  to  an  oversimplified  picture  of  a  double¬ 
barrier  quantum  well  (DB-QW)  structure  in  the 
energy-position  space,  it  is  widely  assumed  this 
DB-QW  is  of  inversion  symmetry  in  the  growth 
direction  as  well  as  in  the  QW  plane.  The  eigen 
wave  functions  of  DB-QW  subbands  are  typically 
written  as  a  product  of  sin  or  cos  functions  in  the 
growth  (z)  direction  with  those  of  plane  waves  solu¬ 


tions  in  the  QW  plane  (x-y  directions).  As  a  result, 
the  intersubband  transitions  in  DB-QW  are  believed 
to  be  active  only  for  light  polarized  with  electric  fiekJ 
along  the  z  direction  (TM-polarization). 

Our  polarization-resolved  intersubband  data  on 
DB-QW  (figure  21),  however,  dearly  resolved  (1) 
equally  TE-  and  TM-polarization  intersubband 
activity  and  (2)  strain  induced  polarization  splitting, 
intersubband  data  of  multiple  quantum  wells  meas¬ 
ured  in  the  conventional  Brewster  angle  configura¬ 
tion  were  confirmed  to  be  corresponing  to  the 
TE-active  signals  measured  In  the  polarization- 
resolved  waveguide  configuration.  The  exper¬ 
imental  discrepancy  in  the  Brewster  a^le 
configuration  was  caused  by  the  large  index  of 
refraction  in  the  semiconductors,  as  a  result,  90 
percent  of  the  refracted  light  were  TE-polarized  into 
the  QW  plane. 

We  consider  the  DB-QW  intersubband  optical 
selection  rules  from  the  symmetry  point  of  view. 
Near  the  k=0  point  in  the  Brillouin  zone,  DB-QW  of 
zinc  blende  lll-V  materials  has  D2d  symmetry  that 
does  not  include  an  inversion  center.  The  Bloch 
states  of  Cl  and  C2  QW  conduction  subbands  are 
S-  and  P-like  at  k=0  instead  of  being  both  S-like  in 
the  old  theory.  The  corresponding  wavefunction  at 
k=0  point  reduces  to  those  of  Bloch  states  and  can 
be  written  as  cos  X  cos  Y  cos  Z  ,  and  p(sin  X  cos 
Y  cos  Z),  where  p  stands  for  the  permutations  of 
the  X,Y,Z  coordinates  in  the  parenthesis. 

Our  model  analysis  leads  to  the  conclusions  that 
C1-to-C2  intersubband  transitions  (1)  are  of  equal 
absorption  strength  for  both  polarizations  (parallel 
and  perpendicular  to  the  QW  plane)  and  (2)  have 
strain  induced  polarization  splitting.  The  later  predi¬ 
cation  was  confirmed  in  figure  22,  where  a  linear 
dependence  of  intersubband  polarization  splitting 
versus  QW  strain  was  clearly  demonstrated. 

Our  model  further  predicates  the  possibility  of  using 
counter-propagating  TE-  and  TM-active  intense 
coherent  intersubband  nonlinear  excitations  to  gen¬ 
erate  surface-emitting  sum-frequency.  Exper¬ 
imental  work  is  underway  to  confirm  this  proposal. 
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Rgim  23.  Measured  and  simulated  fundamental,  second,  and  third  harmonics  distortion  of  the  HBT  at  bias  of  -  1.2 
V  and  lb  -  150  pa. 


1.17  Investigation  of  Infrared 
Intersubband  Emission  from 
InGaAs/AIAs/inP  Quantum  Well 
Heterostructures 

Sponsor 

U.S.  Army  Research  Office 
Grant  DAAL03-92-G-0251 

Project  Staff 

Jurgen  H.  Smet,  Professor  Clifton  G.  Fonstad,  Jr., 
in  collaboration  with  Professor  Qing  Hu 

In  this  work,  we  study  the  possibility  of  achieving 
population  inversion  between  two  quantum  well 
subbands  in  the  conduction  band,  with  an  elec¬ 


trically  pumped  far  infrared  intersubband  laser  as 
the  ultimate  goal. 

Until  recently,  proposals  in  the  literature  favored 
intra-well  transitions  between  the  first  two  levels  of 
the  quantum  wells  in  superlattices  or  the  middle 
quantum  well  of  triple  quantum-well  structures  to 
achieve  this  goal,  because  these  transitions 
account  for  96  percent  of  the  total  available 
oscillator  strength.  The  adjacent  quantum  wells  in 
these  superlattices  or  triple  quantum  wells  ensured 
selective  injection  into  the  second  level  and  selec¬ 
tive  removal  from  the  bottom  subband.  However, 
obtaining  a  sufficiently  large  population  inversion 
and  current  density  while  maintaining  all  ener^ 
levels  in  resonance  conditions  appears  difficult  in 
both  schemes. 


25 


Chapter  1 .  Heterostructures  for  High-Performance  Devices 


Recent  spontaneous  emission  experiments  in  the 
45  m  wavelength  range  reported  by  Faist  et  al. 
exploited  inter-well  intersubband  transitions 
between  off-resonance  ground  levels  of  double 
quantum  wells.  At  the  expense  of  a  lower  oscillator 
strength  and  uncertainty  in  the  lasing  wavelength, 
this  approach  is  more  suitable  to  attain  a  large  pop¬ 
ulation  inversion  and  current  density  and  is  being 
explored  for  our  wavelength  of  interest  (50  pm). 


1.18  High-Frequency/High-Speed 
Characterization,  Anaiysis  and  Modeiing 
of  Heterojunction  Bipoiar  Transistors, 
Laser  Diodes,  and  m>s-m 
Photodetectors 

Sponsor 

National  Science  Foundation 

Project  Staff 

Sheila  Prasad,  Professor  Clifton  G.  Fonstad,  Jr. 

Emitter-down  InGaAs/lnAIAs/lnP  heterojunction 
bipolar  transistors  have  been  characterized  at  fre¬ 
quencies  up  to  40  GHz  and  small-signal  equivalent 
circuit  models  have  been  obtained  using  the  com¬ 
mercial  Touchstone  software  as  well  as  the  simu¬ 
lated  annealing  (SA)  algorithm.  The  bias 
dependence  of  the  small-signal  equivalent  circuit 
elements  was  determined  by  measuring  the  scat¬ 
tering  parameters  at  39  different  bias  points.  These 
results  were  used  for  the  large-signal  modeling  of 
the  HBT.  The  model  obtained  was  based  on  first- 
order  device  physics  and  this  was  verified  exper¬ 
imentally.  When  standard  large  signal  modeling 
techniques  such  as  the  Harmonic  Balance  method 
are  used,  it  was  observed  that  the  first-order  model 
was  sufficiently  accurate  for  medium  power  levels 
with  respect  to  the  device  under  consideration.^^  At 
higher  power  levels  where  the  transistor  is  driven 
into  hard  saturation  and  cutoff,  a  more  elaborate 
model  is  necessary  to  obtain  a  high  third-order 
intermodulation  product  (IP3)  and  hence  device  lin¬ 
earity.*®  Representative  resu'*s  are  shown  in  Figure 
23.  Work  on  model  improvement  is  in  progress. 
Optimization  of  the  HBT  for  high  third-order  inter¬ 
modulation  product  is  the  goal  of  this  work.  Char¬ 
acterization  of  laser  diodes  and  m-s-m 
photodetectors  using  the  automatic  network  anal¬ 


yzer  and  on-wafer  probe  station  is  planned  and 
modeling  methods  which  have  been  effectively 
applied  to  HBTs  will  be  used. 


1.19  Damage-Free  In-Situ  UHV  Etching 
and  Cleaning  of  lll-V  Heterostructures 
Using  Molecular  Beams 

Sponsors 

AT&T  Bell  Laboratories  Fellowship 
Advanced  Research  Projects  Agency/NCIPT 
National  Science  Foundation 
Grant  ECS  90-07745 

Project  Staff 

Isako  Hoshino,  Professor  Clifton  G.  Fonstad,  Jr. 

The  development  of  damage-free  ultrahigh  vacuum 
(UHV)  etching,  cleaning,  and  regrowth  techniques 
compatible  with  molecular  beam  epitaxy  (MBE)  and 
ex-situ  processing  of  lll-V  heterostructures  is  a 
major  challenge  facing  device  researchers.  The 
ability  to  selectively  pattern,  etch,  and  overgrow 
quantum  heterostructures  is  crucial  to  the  effective 
realization  of  integrated  opticai  circuitry  and 
quantum  effect  electronic  structures.  Present  tech¬ 
niques  to  do  this  involve  relatively  high-energy  ions 
or  plasma  sources  which  cause  substantial  sub¬ 
surface  or  structural  damage,  much  of  which  is 
impossible  to  remove  or  repair,  especially  on  com¬ 
pound  semiconductors  which  are  more  susceptible 
to  such  damage  than  silicon. 

As  a  solution  to  the  problem  of  process-induced 
damages,  we  have  begun  a  project  investigating 
the  use  of  molecular  beam  (hot  neutral  beam,  or 
also  known  as  kinetic  beam)  techniques  to  etch  and 
clean  lll-V  substrates  and  heterostructures  with  a 
minimum  of  surface  damage  and  allowing  maximum 
flexibility  in  attaining  various  etch  profiles. 
Depending  on  the  etchant  gas,  it  is  anticipated  that 
low  energy  (0.5  to  30  eV)  kinetic  beams  can  be 
used  to  (1)  both  directionally  and  isotropically  etch- 
pattern  lll-V  heterostructure  wafers  with  no  damage; 
(2)  clean  surfaces  allowing  epitaxial  growth  on 
wafers  that  have  been  removed  from  the  UHV  envi¬ 
ronment  for  external  processing;  and  (3)  selectively 
remove  masking  materials  and  clean  surfaces  suit¬ 
able  for  subsequent  overgrowth. 


24  B.  Meskoob  and  S.  Prasad,  'Applications  of  the  First-order  Bipolar  Model  to  the  Harmonic  Distortion  Analysis  of  HBTs,*  1993 
lEEE/Comell  Conference  on  High-Speed  Semiconductor  Devices  and  Circuits,  pp.  245-254. 

25  B.  Meskoob  and  S.  Prasad,  'On  the  Harmonic  Distortion  Simulation  of  HBTs  Using  a  First-Order  Circuit  Model,*  Proceedings  of  the 
1993  International  Semiconductor  Device  Research  Symposium,  pp.  771-77A. 
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Currently,  the  construction  of  the  differentially 
pumped  UHV  Kinetic  Beam  Etch  (KBE)  system 
designed  to  use  a  methane-hydrogen  gas  mixture 
using  a  supersonic  beam  source  is  near  com¬ 
pletion.  The  system  is  designed  such  that  it  can  be 
connected  to  the  existing  Riber  2300  solid  source 
MBE  system  in  the  future  through  a  transfer  mech¬ 
anism  of  special  design. 


The  initial  function  tests  of  the  KBE  system  are 
scheduled  to  be  performed  in  the  near  future.  Sub¬ 
sequently,  a  full-scale  characterization  of  the  ability 
of  the  KBE  system  wiil  be  performed,  mainly  con¬ 
centrating  on  etch  rate,  etch  profile,  and  surface 
damage  assessment.  The  extent  of  surface 
damage,  if  any,  will  be  determined  through  photolu¬ 
minescence  and  carrier  mobility  measurements 
using  various  lll-V  heterostructures  grown  by  MBE. 


Figure  24.  Photo  of  KBE  system.  Riber  2000  MBE  system  can  be  seen  in  the  back¬ 
ground. 
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2.1  introduction 
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The  goal  of  this  project  is  to  expiore  the  suitability 
of  inAIAs/InGaAs  heterostructure  field-effect  tran¬ 
sistors  for  power  applications  at  very  high  frequen¬ 
cies.  This  materiai  system  has  recently  emerg^  as 
a  promising  candidate  for  low-noise  applications  at 
ultra-high  frequencies  where  world  record  results 
have  been  demonstrated.’  Unfortunately,  before 
InAIAs/InGaAs  HFETs  can  also  be  used  for  high- 
frequency  power  applications,  the  physics  of  the 
breakdown  voltage  of  these  devices  needs  to  be 
better  understood.  This  has  been  the  objective  of 
our  project  for  the  last  few  years. 

Over  the  last  few  years,  we  have  been  studying 
ways  to  improve  the  breakdown  voltage  of 
InAIAs/InGaAs  HFETs,  that  is,  the  maximum 


voltage  that  the  device  can  handle.  Our  work  has 
resulted  in  technoiogicai  design  criteria  such  as 
employing  /MAs-rich  inAIAs  pseudoinsulators^  and 
carrying  out  seiective  recessed-mesa  skfewali  iso- 
lation^  that  are  now  wkJeiy  used  in  industry.  Two 
years  ago  we  identified  the  detaiied  physicai  mech¬ 
anisms  responsible  for  breaMown  in 
InAIAs/m-InGaAs  HFETs  fabricated  at  MiT.*  We 
found  that  the  breakdown  path  invoives  two  dif¬ 
ferent  processes  in  series.  First,  electron  thermionic 
field  emission  takes  piace  from  the  gate  over  the 
inAI/Vs  barrier  into  the  inGaAs  channel.  This  is  foi- 
lowed  by  hot  electron  relaxation  in  the  channel  with 
impact  ionization  of  electron-hole  pairs. 

Over  the  last  year,  in  collaboration  with  the  Daimler- 
Benz  Research  Center  in  Ulm,  Germany,  we  have 
been  studying  the  physics  of  breakdown  in  state-of- 
the-art  quarter-micron  gate  iength  InAIAs/inGaAs 
moduiation-doped  field-effect  transistors 
(MODFETs)  fabricated  at  Daimler  Benz.  To  our  sur¬ 
prise,  we  found  that  the  physics  of  breakdown  in 
these  devices  is  quaiitatively  identical  to  that  of 
MIPS  lnAIAs/n*-lnGaAs  HFETs  in  spite  of  the  radi¬ 
cally  different  geometries  and  layer  structure. 
There  were  important  quantitative  differences  which 
help  us  trace  the  origin  of  the  chronicaily  low  break- 


1  L.D.  Nguyen,  LE.  Larson,  and  U.K.  Mishra,  'Ultra-High-Speed  Modulation-Doped  Field-Effect  Transistors:  A  Tutorial  Review,'  Proc. 
/EEE80(4):  494-518  (1992). 

2  S.R.  Bahl,  W.J.  Azzam,  and  J.A.  del  Alamo,  'Strained-Insulator  ln,AI,.,AsAr-ln,i,GaM7As  Heterostructure  Field-Effect  Transistors,' 
IEEE  Trans.  Eactron  Devices  38(9):  1986-19%  (1991). 


3  S.R.  Bahl  and  J.A.  del  Alamo,  'Bimination  of  Mesa-Sidewall  Gate-Leakage  in  InAIAs/InGaAs  Heterostructures  by  Selective  Sidewall 
Recessing,'  IEEE  Electron  Device  Lett.  13(4):  195-197  (1992). 

*  S.R.  Bahl  and  J.A.  del  Alamo,  'Physics  of  Breakdown  in  InAIAs/m-InGaAs  HFETs,*  ProceeOngs  of  the  FHth  International  Conference 
on  intHum  Phmphide  and  Related  Materials,  Paris,  France,  April  18-22, 1993. 
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dowrt  voltage  of  MODFETs  irt  this  material  system. 
In  a  separate  effort,  we  have  also  studied  the 
occurrence  of  impact  ionization  in  InAIAs/m-InGaAs 
HFETs  under  regular  operating  conditions,  that  is, 
with  the  channel  on  and  away  from  breakdown.  We 
indeed  found  that  substantial  impact  ionization  is 
taking  place  in  these  devices  at  typical  operating 
biases.  This  is  important  for  low-noise  microwave 
and  photonic  applications  where  excess  gate 
current  due  to  hole  generation  in  the  channel  is  a 
serious  noise  contrition.  The  following  sections 
descrilte  in  more  detail  our  technical  findings  and 
conclusions. 


2.2  Physics  of  Breakdown  In 
InAIAs/InGaAs  MODFETs 

In  collaboration  with  Daimler-Benz  Research 
Center,  we  have  performed  the  first  comprehensive 
experimental  study  of  off-state  bre^down  in 
InAIAs/InGaAs  MODFETs.  The  heterostructure  of 
these  devices  is  shown  in  figure  1.  The  cap  was 
designed  to  be  surface-depleted  for  higher  break¬ 
down  voltage.  Three  different  heterostructures 
were  characterized  in  this  study,  with  different  InAs 
mole-fractions  of  x=0.53  (lattice-matched),  x=0.62, 
and  x-0.70  in  the  channel.  For  the  device  with 
x=0.70,  the  lower  250  A  of  the  channel  was  grown 
with  a  lattice-matching  composition  of  x»0.53  to 
avoid  excessive  strain.  Processing  was  carried  out 
according  to  the  sequence  described  in  Dickmann 
et  al.^  The  cap  was  etched  selectively,  and  mesa- 
skfewall  isolation  was  used  in  all  heterostructures 
as  we  originally  proposed  in  1992.^ 

MODFETs  with  U  =0.28  and  Wq=80  pm  were 
characterized.  For  reference,  the  lattice-matched 
device  had  lo(  max)=275  m/\/mm,  g„(peak)»400 
mS/mm,  ft  =83  GHz,  and  fmax  =140  GHz.  These  are 
excellent  values  for  devices  with  high  BV.  In  this 
study,  both  drain-source  breakdown  voltage,  BVos, 
and  drain-gate  breakdown  voltage,  BVoq,  were 
measured  at  several  temperatures  using  the  drain- 
current  injection  technique  we  have  innovated.^  The 
test  current  was  1  mA/mm. 


Fiipire  1.  Schematic  cross-section  of  heterostmcture. 
Three  structures  were  grown  with  InAs-mole  fraction, 
x-0.53,  0.62,  and  0.70  in  the  channel. 


A  plot  of  BVds  and  BVdq  versus  T  is  presented  in 
figure  2.  At  300  K,  BVds  was  8.9  V,  6.3  V,  and  5.1 

V  for  x=0.53,  0.60,  and  0.70  respectively.  These 
are  very  high  values  for  InAIAs/InGaAs  MODFETs. 
In  all  devices,  BVos  and  BVdq  show  a  negative  tem¬ 
perature  coefficient.  The  drain-current  injection 
technique  indicated  that  Vos  is  limited  by  gate 
breakdown  for  the  entire  range  of  temperatures  in 
all  devices.  BVds  and  BVdq  track  each  other  with  a 
difference  of  about  Vt,  consistent  with  the  above 
finding.  BVds  increases  from  7.9  V  at  340K  to  14.4 

V  at  220  K  for  x=0.53.  Since  impact-ionization  has 
a  positive  temperature  coefficient,  it  follows  that 
breakdown  cannot  be  a  simple  impact-ionization 
phenomenon,  as  might  be  expected  for  a  narrow 
bandgap  channel  with  long  mean-free  path. 

We  also  investigated  the  temperature  dependence 
of  the  gate  current  approaching  breakdown.  Iq  was 
found  to  be  thermally  activated  around  room- 
temperature.  Figure  3  shows  an  Arrhenius  plot  of 
Iq/T^  at  VpQ=4  V  for  the  three  devices.  It  is  clear 
that  as  X  is  increased  in  the  channel,  Iq  increases 
and  Ea  is  reduced.  For  Vdo=4  V,  Ea  is  0.17  eV,  0.09 
eV,  and  0.06  eV  for  x=0.53,  0.62,  and  0.70  respec¬ 
tively. 


s  J.  Dickmann,  K.  Riepe,  H.  Haspekio,  B.  Mails,  H.  Oaembkes,  H.  Nickel,  R.  Loscfi,  W.  Schlapp,  ‘Novel  Fabrication  Process  for  SIiNa 
passivated  InAIAs/InGaAs/lnP  HFETs,*  Electron.  Lett.  12: 1849  (1992). 

6  S.R.  Bahl  and  J.A.  del  Alamo,  ‘Eimination  of  Mesa-Sidewall  Gate-Leakage  in  InAIAs/InGaAs  Heterostnjctures  by  Selective  Sidewail 
Recessing,*  IEEE  Electron  Device  Lett.  13(4);  195-197  (1992). 

7  S.R.  Bahl  and  J.A.  del  Alamo,  ’A  New  Drain-Current  Injection  Technique  for  the  Measurement  of  Breakdown  Vottage  in  FETs,*  IEEE 
Trans.  Electron  Devfoes  40(8):  1558-1560  (1993). 
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Figura  2.  Drain-source  and  drain-gate  breakdown  voltages  BVca  and  BVoa  vs.  temperature  as  a  function  of  InAs  mole 


fraction,  x,  in  the  channel. 


Figure  3.  An  Arrhenius  plot  of  log(l</P)  vs.  1000/T  for  Voo-  4  V,  as  a  function  of  x. 


In  a  side-gate  measurement,  we  verified  that  holes 
are  produced  in  the  channel  at  breakdown.  Since 
specially  designed  sidegate  structures  did  not  exist 
in  this  wafer,  this  measurement  was  carried  out  by 


positioning  a  probe  very  close  to  the  drain  of  the 
device  and  applying  a  reverse  voltage  of  -80  V.  In 
this  manner,  the  probe  was  able  to  capture  a  few 
holes  generated  in  the  channel. 
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All  these  findings  are  qualitatively  identical  to  those 
that  we  previously  obtained  on  InAIAs/n^-InGaAs 
HFETs.’  This  is  rather  remarkable  since  the  present 
devices  differ  considerabiy  from  those  in  Bahi  and 
del  Alamo^  in  their  much  shorter  gate-iength,  dif¬ 
ferent  cap  design,  the  presence  of  dopants  in  the 
insulator,  the  absence  of  dopants  in  the  channel, 
Si3N4  passivation,  incorporation  of  gate-recessing, 
and  different  buffer-layer.  The  similitude  of  exper¬ 
imental  observations  regarding  off-state  breakdown 
in  such  dissimilar  devices  reveals  how  fundamen¬ 
tally  the  breakdown  process  is  associated  with  the 
materials  involved. 

The  thermionic-field  emission/Auger-generation 
hypothesis  we  proposed  for  the  InAIAs/n^-InGaAs 
HFET®  can  explain  all  the  findings  for  the  MODFET. 
Essentially,  electrons  going  from  the  InAIAs 
insulator  to  the  InGaAs  channel  suddenly  gain  a 
kinetic  energy  equal  to  AEc  from  the  conduction- 
band  step.  This  is  in  addition  to  the  energy  they 
already  acquired  from  the  electric-field  in  the 
insulator.  For  lnos2Alo.^s/lnos3Gao47As,  AEc=  0.5 
eV,  which  is  a  substantial  fraction  of  the  bandgap  of 
lno.53Gao47As  (0.73  eV).  In  this  case,  even  the  pres¬ 
ence  of  a  low  electric-field  in  the  insulator  can  give 
rise  to  impact-ionization  in  the  channel. 


The  combined  thermionic  emission/- 
Auger-generation  process,  shown  schematically  in 
figure  4a,  is  a  two-step  process.  First,  electrons  are 
injected  from  the  gate  edge  into  the  high-field  drain- 
gate  region  of  the  insulator  by  thermionic-field  emis¬ 
sion.  Second,  because  of  the  large 
conduction-band  offset  and  the  electric-field  in  the 
insulator,  they  enter  the  channel  hot,  and  imme¬ 
diately  relax  their  energy  through  impact-ionization. 
The  electrons  flow  towards  the  drain,  and  the  holes 
can  either  be  extracted  by  the  gate  or  flow  towards 
the  source,  where  they  recombine  with  electrons. 
This  process  actually  occurs  in  two-dimensions, 
with  electron  injection  likely  to  take  place  sideways 
from  the  gate  into  the  drain-gate  gap,  as  illustrated 
in  a  two-dimensional  sketch  in  figure 

The  physical  understanding  gained  in  the  coutee  of 
this  work  provides  for  design  criteria  for  future 
improvements  in  the  off-state  breakdown  voltage  of 
InAIAs/InGaAs  MODFETs  for  the  first  time.  Specif¬ 
ically,  our  findings  now  explain  the  need  for  an 
insulator  that  has  the  largest  possible  Schottky 
barrier.  This  barrier  suppresses  electron  thermionic- 
field  emission  and  improves  breakdown.  Second, 
the  bandgap  in  the  channel  must  not  be  too  narrow 
since  it  facilitates  Auger  generation  of  electrons  and 
holes.  As  a  third  conclusion,  correct  engineering  of 
the  cap  also  impacts  breakdown  because  it  affects 


Figure  4.  A  schematic  diagram  showing  the  combined  effect  of  electron  thermionic-field  emission  and  Auger  generation, 
(a)  Basic  mechanism,  (b)  two-dimensional  drawing.  Electrons  are  injected  sideways  through  thermionic-field  emission 
from  the  gate  into  the  high-field  drain-gate  region  of  the  insulator  (step  1).  They  then  enter  the  channel  hot  and  impact- 
ionize  by  Auger  generation  (step  2). 


B  S.R.  Bahl  and  J.A.  del  Alamo,  "Physics  of  Breakdown  in  InAIAs/m-InGaAs  HFETs,"  Proceedings  of  the  Fifth  international  Conference 
on  Indium  Phosphide  and  Related  Materials,  Paris,  France,  April  18-22, 1993. 
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the  electric  field  distribution  directly  underneath  the 
gate  edge  on  the  drain-end  of  the  channel  where 
electron  injection  from  the  gate  to  the  channel  t^es 
place. 

We  now  understand  the  reason  for  the  superior 
breakdown  voltage  characteristics  of  the  MIDFET 
(metal-insulator-doped  channel  FET),  that  we  have 
been  studying  at  MIT,  over  the  more  popular 
MODFET.  The  presence  of  dopants  inside  the 
insulator  of  the  MOOFET  bends  the  bands  sharply 
down  underneath  the  gate,  favoring  thermionic  field 
emission  of  electrons  at  lower  energies.  In  the 
MIDFET,  the  absence  of  dopants  in  the  insulator 
results  in  a  more  "squarish"  barrier  relatively  sup¬ 
pressing  electron  emission  out  of  the  gate.  This 
explains  the  drastically  different  activation  energies 
obtained  in  both  kinds  of  devices,  about  0.1  eV  for 
the  MODFET  versus  0.45  eV  for  the  MIDFET.® 


2.3  Impact  Ionization  in  InAIAs/InGaAs 
HFETs 

We  have  examined  the  occurrence  of  impact  ioniza¬ 
tion  in  the  channel  of  lnAIAs/n*-lnGaAs  HFETs  fab¬ 
ricated  at  MIT®  under  regular  biasing  conditions, 
that  is,  with  the  channel  turned  on  and  away  from 
breakdown  conditions.  Impact  ionization  in  the 
channel  results  in  excessive  shot  noise  in  the  drain 
current  and  in  additional  {gate  leakage  current  which 
compromises  the  sensitivity  of  photonic  receivers 
based  on  these  devices. 

We  carried  out  sidegate  current  measurements  on 
specially  designed  HFETs  on  a  heterostructure 
studied  previously  (figure  5).'®  By  applying  a  suffi¬ 
ciently  negative  bias  to  the  sidegate  contact  (-20  V 
in  this  experiment),  it  is  possible  to  remove  a  smedi 
fraction  of  the  holes  that  might  be  produced  in  the 
HFET  channel  as  a  result  of  impact  ionization.  We 
analyze  the  sidegate  current  in  a  similar  manner  as 
Hui  et  al.^'  which  dealt  with  the  gate  current  of 
MESFETs.  In  our  case,  the  gate  current  is  not  a 
good  indicator  of  impact  ionization  because  of  the 
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Figure  5.  Schematic  cross-section  of  InAlAs/n-^-InGaAs 
HFET  used  in  ttie  study  of  impact  ionization  in  the  on- 
regime. 


barrier  that  the  insulator  presents  to  the  holes  in  the 
channel  (the  valence  band  discontinuity  between 
insulator  and  channel  which  is  about  0.2  eV). 

Following  the  approach  of  Hui  et  al.,  we  plot  the 
absolute  magnitude  of  the  sidegate  current  (minus 
a  small  baseline  electron  leakage  current  through 
the  gate)  over  the  drain  current  as  a  function  of  the 
inverse  voltage  drop  at  the  drain-end  of  the 
channel.  A  straight  line  in  a  semilog  plot  that  is 
independent  of  Vqs  is  the  key  signature  of  impact 
ionization. Indeed,  as  figure  6  sfbws,  this  is  what 
we  obsenre  in  our  devices.  This  study  unmis- 
takeably  shows  that  impact  ionization  is  taking 
place  in  the  channel  of  InAIAs/InGaAs  HFETs  under 
a  variety  of  bias  conditions.  This  important  fact 
needs  to  be  taken  into  consideration  when 
designing  circuit  applications  around  these  devices, 
particularly,  low-noise  amplifiers  for  microwave  or 
photonic  applications. 


9  S.R.  Bahl,  B.R.  Bennett,  and  J.A.  del  Alamo.  ’Ooubly-Stralned  InM.AUAa/n'-lnuiGaoj.As  HFET  with  High  Breakdown  Voltage,’  IEEE 
Electron  Device  Lett.  14(1):  22-24  (1993). 

10  S.R.  Bahl.  B.R.  Bennett,  and  J.A.  del  Alamo.  ’A  High-Voltage,  Doubly-Strained  ln,4.AI,jAs/rr-ln,,Ga»»As  HFET,*  Proceedings  of  the 
Fourth  Intemalional  Conference  on  inP  and  Related  Materials,  Newport,  Rhode  Island,  April  20-24, 1992. 

11  K.  Hui,  C.  Hu,  P.  George,  and  P.K.  Ko,  ’Impact  Ionization  in  GaAs  MESFETs,’  IEEE  Electron  Device  Lett.  11: 113  (1990). 
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Figure  6.  Semilog  graph  of  sidegate  current  over  drain 
current  versus  inverse  voltage  drop  at  the  drain-end  of 
the  channel.  The  bunching  of  data  in  a  straight  line  inde¬ 
pendent  of  Vos  indicates  ^e  occurrence  of  impact  ioniza¬ 
tion  in  the  channel. 
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3.1  Introduction 

Current  state-of-the-art  epitaxial  growth  techniques 
employ  various  metalorganic  and  hydride  gases  to 
deliver  constituent  species  to  the  substrate  surface, 
particularly  high  vapor  pressure  species  such  as 
phosphorus  and  sulfur.  Gas  source  molecular 
beam  epitaxy  (GSMBE)  utilizes  hydride  gas  sources 
and  solid  elemental  sources.  The  more  conven¬ 
tional  growth  approach,  molecular  beam  epitaxy 
(MBE).  uses  only  molecular  beams  derived  from  the 
thermal  evaporation  of  elemental  or  compound  solid 
sources. 

All  the  research  objectives  described  in  this  chapter 
are  concerned  with  layered  structures  composed  of 
compounds  containing  As  and  P.  or  Se.  S.  and  Te. 
The  presence  of  these  high  vapor  pressure  species 
suggests  that  many  advantages  will  be  attained 
through  the  fabrication  of  the  various  multilayered 
device  structures  using  the  gaseous  source  epitaxy 
approach. 

In  die  chemical  beam  epitaxy  facility  at  MIT.  the 
epitaxial  growth  of  both  ll-VI  and  lll-V  compound 
semiconductors  is  underway  using  GSMBE  growth 
techniques.  The  chemical  beam  epitaxy  laboratory 
consists  of  two  gaseous  source  epitaxy  reactors 
interconnected  to  several  smaller  chambers  which 
are  used  for  sample  introduction  and  in~sltu  surface 
analysis  and  metalization.  The  multichamber 
epitaxy  system  allows  for  the  fabrication  of  a  large 


number  of  different  heterostructures  completely 
within  a  continuous  ultrahigh  vacuum  environment. 
The  interconnected  reactors  enable  an  additional 
degree  of  freedom  in  device  design  by  providing  the 
ability  to  integrate  the  ll-VI  and  Ili-V  material  fami¬ 
lies  into  a  single  device.  The  lil-V  GSMBE  reactor 
uses  solid  elemental  sources  of  Ga.  In.  Al,  Si  and 
Be  and  gaseous  hydride  sources  of  arsenic  and 
phosphonjs.  The  ll-VI  reactor  currently  uses  a  solid 
Zn  source  and  gaseous  hydrogen  selenide.  in  addi¬ 
tion  to  a  nitrogen  plasma  source  and  a  solid  ZnClz 
source  to  achieve  n-  and  p-type  doping.  The 
unique  design  of  the  ll-VI  reactor  also  allows  the 
use  of  metalorganic  sources.  Rgure  1  highlights 
the  many  heterostructure  systems,  based  on  ll-VI 
materials.  lll-V  materials,  or  on  a  combination  of 
ll-VI  and  lll-V  semiconductors,  available  for  ei^ra- 
tion.  Many  are  currentiy  being  fabricated  in  our 
epitaxy  facility. 

Wide  bandgap  ll-VI  heterostructures  have  the 
potential  for  commercially  viable  short  wavelength 
(visible  to  ultraviolet)  optical  sources  for  use  in 
optical  recording  applications  and  bright  emissive 
displays,  for  example.  A  key  advance  in  the  area 
of  Zn  chalcogenktes  involved  the  successful  p-t)^ 
doping  of  ZhSe-based  semiconductors  using 
nitrogen  as  the  acceptor  species,  as  first  reported 
by  Park  et  al.'  The  ability  to  dope  the  wide  bandgap 
ll-VIs  led  to  the  fcdtiricatlon  of  a  pn  diode  injection 
laser  which  operated  at  blue/blue-green  wave- 


1  M.  Park.  M.B.  Troffwr,  C.M.  Roulaau,  J.M.  DaPuydt,  and  MA  Haasa,  'P-Type  ZnSa  by  NHrogan  Atom  Baam  Doping  During  Moieo- 
uiar  Baam  Epilaxiai  Growth,’  Appl.  Pfiys.  Lttt.  57: 2127-2129  (1990). 
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Figure  1.  The  shaded  area  highlights  the  many  different  II- VI  and  Ili-V  semiconductors  and  the  various  heterostructure 
configurations  which  are  available  for  investigation  in  the  MIT  chemical  beam  epitaxy  laboratory. 


lengths  by  Haase  et  al.^  and  H.  Jeon  et  al.^  The 
laser  structures  consisted  of  (Zn,Cd)Se  narrow 
bandgap  well  layers  with  Zn(Se,S)  cladding  barrier 
layers,  although  more  recent  structures  are  com¬ 
posed  of  barrier  layers  of  (Zn,Mg)(Se.S).*  To  mini¬ 
mize  defect  generation  within  the  active  regions  of 
the  device  as  well  as  to  maximize  the  incorporation 
of  the  nitrogen  acceptor  species,  the  reported 
substrate  temperatures  have  ranged  from  150°C  to 
250°C.  At  low  growth  temperatures,  control  of  the 
flux  ratio  of  high  vapor  pressure  Group  II  and  Group 
VI  species  is  very  crucial  and  extremely  difficult.  By 
employing  gas  source  epitai^  technologies,  control 
of  the  constituent  species  via  precision  mass  flow 
controllers  (as  opposed  to  solid  source  thermal 
effusion  ovens)  is  anticipated  to  offer  a  solution  to 


the  difficulties  encountered  in  controlling  the  compo¬ 
sition  of  ternaries  and  quaternaries.  To  address 
these  material-related  issues,  we  have  embarked 
upon  a  ll-VI-based  research  program  which  empha¬ 
sizes  the  growth,  using  gas  source  molecular  beam 
epitaxy,  of  various  heterostructures  which  have  the 
potential  for  being  visible  light  emitters. 

In  the  next  section,  we  will  describe  our  progress  in 
the  growth  and  doping  of  ZnSe  using  gas  source 
molecular  beam  epitaxy.  The  ll-VI  effort  is  comple¬ 
mented  by  a  program  having  the  goal  to  fabricate 
lattice-matched  epitaxial  buffer  layers  for  ZnSe  that 
are  composed  of  (ln.Ga)P.  The  lll-V  GSMBE 
system  is  also  utilized  for  the  fabrication  of 
(ln,Ga)(As,P)  waveguide  devices  that  operate  as 
tunable  filters  at  1.55  pm,  which  is  the  wavelength 


2  M.A.  Haase,  J.  Qui,  J.M.  DePuydt,  and  H.  Cheng,  'Blue-Green  Laser  Diodes,'  Appl.  Phys.  Lett  59;  1272-1274  (1991). 

3  Jeon,  J.  Ding,  W.  Patterson,  A.V.  Nurmikko,  W.  Xie,  D.C.  Grilio,  M.  Kobayashi,  and  R.L.  Gunshor,  'Blue-green  Injection  Laser  Diodes 
in  (Zn,Cd)SWZnSe  Quantum  Wells,'  Appl.  Phys.  Lett  59: 3619-3621  (1991). 

*  T.  Okuyama,  T.  MIyajIma,  Y.  Morinaga,  F.  Hlel,  M.  Ozawa,  and  K.  Akimoto,  'ZnSe^MgSSe  Blue  Laser  Diode,'  Electmn.  Lett  28: 
1796-1799  (1992). 
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of  interest  for  optical  fiber  communication.  New 
projects  which  are  in  the  early  stages  of  investi¬ 
gation  are  described  at  the  end  of  the  chapter  and 
take  advantage  of  the  many  capabilities  available  in 
the  chemical  beam  epitaxy  laboratory. 


3.2  Gas  Source  Molecular  Beam 
Epitaxy  of  ZnSe,  ZnSe:CI  and  ZnSe:N 

Sponsors 

Advanced  Research  Projects  Agency 
Subcontract  284-25041 
Joint  Senrices  Electronics  Program 
Contract  DAAL03-92-C-0001 
National  Center  for  Integrated  Photonic  Technology 
Contract  542-381 

Project  Staff 

Professor  Leslie  A.  Kolodziejski,  Dr.  Irina 
Mnushkina,  Dr.  Gale  S.  Petrich,  Christopher  A. 
Coronado,  Philip  A.  Fisher,  Easen  Ho,  Jody  L. 
House,  James  R.  Qeraci,  Kuo-Yi  Urn 

In  the  case  of  the  growth  of  the  ll-VI  material  family, 
all  the  constituent  species  are  high  vapor  pressure 
elements  necessitating  the  reproducible  control  of 
effusion  cells  which  operate  at  low  temperatures. 
The  difficulty  in  maintaining  elemental  effusion  cells 
at  very  low  temperatures  (~  180  -  300°C)  is  elimin¬ 
ated  by  the  use  of  mass  flow  controllers  which  pre¬ 
cisely  regulate  the  flow  of  gaseous  anion  species. 
The  ZnSe-based  heterostructure  system  has  rele¬ 
vance  to  the  optoelectronics  community  for  system 
applications  requiring  optical  sources  operating  in 
the  green  to  UV  spectral  range.  In  this  program, 
the  growth  and  doping  of  ZnSe  by  GSMBE  are 
investigated. 

ZnSe  was  grown  on  semi-insulating,  n-  and  p-type 
(001)  GaAs  bulk  substrates  using  elemental  Zn  and 
gaseous  HzSe.  The  growth  temperature  ranged 
from  240°C  to  400‘’C,  although  the  majority  of  the 
films  were  grown  at  270°C.  The  substrate  temper¬ 
ature  was  calibrated  by  observing  the  eutectic 
phase  transition  (356°C)  of  500  A  of  Au  that  was 
deposited  onto  Ge  and  was  continuousiy  monitored 
using  an  optical  pyrometer.  The  HzSe  gas  flow  was 
varied  from  0.8  to  4.2  seem  and  resulted  in  a 
chamber  pressure  of  approximately  2x10-®  Torr 
during  growth;  the  HzSe  was  thermally  decomposed 
at  1000°C.  The  zinc  flux,  as  measured  by  a  water- 


cooled  crystal  oscillator  placed  in  the  substrate 
position,  corresponded  to  a  zinc  deposition  rate 
ranging  from  0.5  to  2.3  A/s.  Under  these  condi¬ 
tions,  the  Se2n  flux  ratio  ranged  from  1.3:1  to 
0.6:1.  During  the  epitaxial  growth  process,  the 
surface  stoichiometry  was  monitored  by  obsen/ing 
the  surface  reconstruction  using  reflection  high 
energy  electron  diffraction  (RHEED).  A  radio  fre¬ 
quency  (RF)  plasma  ceil  was  used  for  a  source  of 
atomic  nitro^n  acceptor  species.  The  RF  power  to 
the  plasma  cell  was  varied  from  100  to  500  Watts. 
A  leak  valve  regulated  the  nitrogen  gas  flow,  while 
an  ionization  gauge  in  the  reactor  measured  the 
equilibrium  nitrogen  pressure,  which  ranged  from 
6x10-^  to  2x10-®  Torr.  The  ZnSe  was  doped 
n-type  using  a  ZnClz  source  having  a  source  tem¬ 
perature  which  ranged  from  150‘’C  to  250°C.  The 
ZnSe  was  grown  at  rates  of  0.3  to  0.7  pm/hour  to 
layer  thicknesses  of  1  to  4  pm. 

The  optical  properties  of  the  epitaxial  ZnSe  layers 
were  measured  by  photoluminescence  (PL).  PL 
was  obtained  by  optically  exciting  the  samples  with 
the  3250  A  line  of  a  focused  He-Cd  laser,  providing 
a  power  density  of  approximately  300  mW/cm^. 
The  ZnSe  luminescence  was  analyzed  with  a  half¬ 
meter  spectrometer  and  a  photomultiplier.  Figure  2 
shows  the  low  temperature  (10K)  PL  spectra 
obtained  from  a  series  of  undop^  ZnSe  films 
grown  under  identical  growth  conditions,  but  with 
different  substrate  temperatures.  For  each  growth 
temperature  investigated,  the  PL  spectrum  was 
dominated  by  an  intense  donor-bound  exciton 
feature  having  an  energy  of  2.798  eV  and  is  specu¬ 
lated  to  be  due  to  an  unintentionally  incorporated 
donor  originating  from  the  source  materials.  The 
deep  level  defect-related  luminescence  band,  which 
is  broadly  centered  about  2.25  eV,  was  at  least 
100-1000  times  weaker  in  intensity  than  the  near- 
bandedge  features.  To  elucidate  the  presence  of 
the  defect-related  luminescence,  photolu¬ 
minescence  was  also  obtained  at  77K.  As  seen  in 
figure  3,  as  a  function  of  growth  temperature,  the 
PL  spectra  showed  that  the  donor-bound  exciton 
persisted  as  the  dominant  feature.  However,  at  the 
growth  temperature  extremes,  a  small  amount  of 
luminescence  originating  from  deep  levels  was 
obsenred.  As  another  indication  of  the  high  quality 
of  the  ZnSe  layers,  the  integrated  PL  intensity  of 
the  near-bandedge  feature  was  found  to  decrease 
to  one-sixtieth  of  its  10K  value  as  the  sample  tem¬ 
perature  was  increased  to  room  temperature;  room 
temperature  luminescence  was  easily  observed  by 
the  naked  eye. 
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Figura  2.  The  10K  photoluminascanoe  intensity  as  a  function  of  energy  for  ZnSe  epilayers  growm  at  various  substrate 
temperatures.  The  dominant  donor-bound  exdton  had  an  energy  of  2.798  eV.  The  ZnSe  film  that  was  grown  at  284”C, 
was  deposited  on  an  (ln,Qa)P  buffer  layer. 


Hgura  3.  The  77K  photoluminescence  intensity  as  a  function  of  energy  for  ZnSe  epilayers  grown  at  various  substrate 
temperatures.  The  dominant  donor-bound  exdton  has  an  energy  of  2.787  eV.  The  ZnSe  film  that  was  grown  at  284°C, 
was  deposited  on  an  (ln,Qa)P  buffer  layer. 
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Figure  4.  The  10K  photoluminescenoa  intensity  as  a  function  of  energy  (the  inset  shows  a  higher  resolution  energy 
scan).  The  spectrum  in  (a)  reflects  the  PL  obtained  from  ZnSe  grown  under  Se-rich  surface  stoichiometry  conditions, 
whereas  (b)  was  obtained  from  a  sample  grown  under  conditions  of  Zn-rich  surface  stoichiometry.  Ail  other  growth 
parameters  were  held  constant. 


During  the  growth,  the  surface  stoichiometry  was 
varied  to  provide  either  a  Zn-rich  or  Se-rich  surface 
by  modifying  the  H2Se  gas  flow.  Changes  in  the 
RHEEO  pattern  from  a  (2x1)  reconstructed  pattern, 
suggesting  a  Se-rich  surface,  to  a  (2x2)  recon¬ 
structed  pattern,  suggesting  a  Zn-rich  surface,  veri¬ 
fied  the  presence  of  a  particular  surface 
stoichiometry.  The  surface  stoichiometry,  which 
was  maintained  throughout  the  growth,  was  found 
to  influence  the  near-bandedge  PL  features,  as  well 
as  the  unintentional  impurity  incorporation.  Figure  4 
compares  the  PL  spectrum,  obtained  from  an 
undoped  ZnSe  film  grown  under  Se-rich  surface 
stoichiometry  (figure  4a)  to  a  sample  grown  under 
Zn-rich  surface  stoichiometry  (figure  4b).  Ail  other 
growth  parameters  were  identical. 

Regardless  of  the  surface  stoichiometry,  the  near- 
bandedge  luminescence  was  dominated  by  a 
donor-bound  exciton  transition.  However,  an 
increase  in  the  intensity  of  the  free  exciton  feature 
(at  an  eneigy  of  2.803  eV)  was  apparent  in  the 
undoped  fiims  grown  under  conditions  which 
provide  a  Zn-rich  surface  stoichiometry.  Differ¬ 
ences  in  the  undoped  carrier  concentration  were 
aiso  observed  depending  on  the  surface 
stoichiometry.  Room  temperature  Hall  effect  mea¬ 
surements  were  performed  on  the  undoped  ZnSe 
samples  with  indium  contacts  in  the  Van  der  Paaw 
geometry.  Films  grown  with  a  Se-rich  surface 


stoichiometry  had  free  electron  concentrations  in 
the  mid  10“  to  tow  10'^  cm-^  range,  while  films 
grown  with  a  Zn-rich  surface  stoichiometry  had  free 
electron  concentrations  from  the  mid  10“  to  tow 
10“  cm-®. 

The  RF  plasma  cell  provided  a  source  of  both 
atomic  and  moiecular  nitrogen  species,  while  a 
ZnCl2  effusion  cell  provided  a  source  of  Cl  for 
investigation  of  the  p-  and  n-type  doping,  respec¬ 
tively,  of  ZnSe  using  the  GSMBE  growth  technique. 
ITie  nitrogen  pressure  was  monitored  by  an  ioniza¬ 
tion  gauge  within  the  reactor  (prior  to  insertion  of 
the  H2Se  gas).  The  Cl  doping  level  was  controlled 
by  the  temperature  of  the  ZnCb  effusion  cell.  Char¬ 
acterization  of  the  doped  ZnSe  layers  was  per¬ 
formed  using  photoluminescence,  Nomarski 
microscopy,  doubie  crystal  x-ray  diffraction  rocking 
curves,  secondary  ion  mass  spectroscopy  (SIMS), 
and  capacitance-voltage  (C-V)  measurements.  The 
observed  structural  characteristics  were  similar  to 
the  undoped  layers.  Specifically,  the  surface 
remained  featureless  as  examined  by  Nomarski 
microscopy  for  all  doping  conditions  explored  thus 
far;  the  (400)  peak  of  the  x-ray  rocking  cunres 
exhibited  typical  full  width  at  haif  maximum  (FWHM) 
ranging  from  175  to  200  arc  seconds. 

Low  temperature  PL  was  used  to  optically  charac¬ 
terize  both  the  nitrogen-  and  chlorine-doped  ZnSe 
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Hgure  5.  The  10K  photoluminescence  intensity  as  a  function  of  energy  for  various  nitrogen  gas  flows,  (b)-(d)  The 
nitrogen  flow  was  increased  to  vary  the  incorporation  of  nitrogen  acceptor  species.  The  PL  obtained  from  undoped 
ZnSe  (a)  is  shown  for  comparison. 


epilayers.  The  photoluminescence  obtained  from 
ZnSe:N  layers  are  shown  in  figure  5.  In  this  figure, 
the  10K  spectra  are  compart  for  samples  grown 
under  identical  growth  conditions;  however,  the 
nitrogen  gas  flow  was  systematically  increased  to 
enhance  the  incorporation  of  acceptors  into  the 
lattice.  Figure  5  illustrates  that  the  characteristic  PL 
features  of  the  ZnSe.N  films  were  strongly  depen¬ 
dent  on  the  degree  of  nitrogen  incorporation.  The 
growth  conditions  for  the  series  of  films  in  figure  5 
were  as  follows:  a  270°C  calibrated  substrate  tem¬ 
perature,  a  Se-rich  surface  stoichiometry,  and  a 
constant  RF  power  of  100  Watts  for  the  plasma 
source.  From  the  comparisons  of  the  dominant 
transitions  observed  in  the  10K  PL,  we  deduced 
that  the  nitrogen  concentration  increased  with 
higher  nitrogen  gas  flow,  as  expected.  For  the 
sample  grown  with  the  lowest  nitrogen  flow,  shown 
in  figure  5b,  the  near-bandedge  transitions  were 
dominated  by  the  neutral  N  acceptor  peak  at  2.793 


eV.  (PL  obtained  from  an  undoped  sample  is 
shown  for  reference  in  fi^pjre  5a.) 

The  free  electron-to-acceptor  transition  (FA)  was 
present  at  2.716  eV  indicating  a  nitrogen  acceptor 
binding  energy  of  109  meV,  assuming  a  10  K 
bandgap  energy  of  2.825  eV.^  The  donor-to- 
acceptor-pair  (DAP)  transition  peak  at  2.698  eV  and 
the  associated  LO  phonon  replicas  were  also 
detected.  Further  increases  in  the  nitrogen  flow 
resulted  in  a  spectrum  dominated  by  the  FA  and 
DAP  transitions  (and  their  LO  phonon  replicas),  as 
shown  in  figure  5c.  At  the  highest  nitrogen  gas 
flows  investigated  (figure  5d),  the  FA  transition  dis¬ 
appeared,  while  the  DAP  and  phonon  replicas 
merged  into  a  single  broad  feature.  Similar  PL 
spectra  for  variations  in  the  nitrogen  incorporation 
for  ZnSe;N  grown  by  MBE  were  obsenred  by 
Ohkawa  et  al.*  In  addition,  for  a  given  doping  condi¬ 
tion,  a  Zn-rich  surface  stoichiometry  a^ared  to 


s  PJ.  Dean,  D.C.  Herbert,  C.J.  Werkhoven,  B.J.  Fitzpatrick,  arxJ  R.N.  Bhargava,  'Donor  Bound  Exdton  ExcHad  States  In  Zinc 
Selenide,'  Phys.  Rev.  B23:  4688-4901  (1981). 

6  K.  Ohkawa,  T.  Karasawa  and  T.  Mitsuyu,  *Charactertstics  of  p-type  ZhSe  Layers  Grown  by  Molecular  Beam  Epitaxy  with  Radicat 
Doping,'  Jpn.  J.  Appl.  Phys.  30:  L152-L155  (1991). 
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incorporate  the  nitrogen  species  more  effectively, 
since  the  PL  spectrum  from  a  Zn-rich  surface 
stoichiometry  exhibits  a  single  broad  DAP  transition, 
while  the  spectrum  from  a  Se-rich  surface 
stoichiometry  consisted  of  multiple,  easily  distin¬ 
guished  DAP  (and  LO  phonon  replicas)  transitions. 
The  PL  spectra  from  2  fim  Ci-dop^  ZnSe  epilayers 
consisted  of  a  single  donor-bound  exciton  transition 
at  2.795  eV.  By  comparing  various  samples,  the 
intensity  of  the  donor-bound  exciton  transitior^  was 
found  to  increase  linearly  as  the  Cl  concentration 
was  increased  from  2x10’®  to  2  x  10’^  cm*®.  The 
free  electron  carrier  concentration  was  determined 
by  room  temperature  Hall  measurements  and  corre¬ 
lated  to  atomic  incorporation  levels  obtained  by 
SIMS  measurements.^ 

The  incorporation  level  of  nitrogen  in  the  ZnSe:N 
samples  was  also  determined  by  secondary  ion 
mass  spectroscopy.  A  nitrogen-implanted  ZnSe 
standard  was  used  to  calibrate  the  nitrogen  concen¬ 
tration,  resulting  in  a  detection  limit  that  was  esti¬ 
mated  to  be  approximately  10'^  cm-®.  For  growth 
under  Se-rich  surface  stoichiometry,  the  measured 
nitrogen  concentration  ranged  from  below  the 
detection  limit  of  the  SIMS  apparatus  (<10’^cm-®) 
to  4.0  X  10’®  cm-®.  In  comparison,  samples  grown 
under  Zn-rich  conditions  had  nitrogen  concen¬ 
trations  ranging  from  2x10’^  to  5.0  x  10’®  cm-®. 
These  results  agreed  with  the  qualitative  compar¬ 
isons  of  the  PL  features  obtained  from  the  samples 
that  were  grown  under  Zn-rich  and  Se-rich  surface 
stoichiometries. 

The  ZnSe:N  films  were  electrically  characterized  by 
C-V  measurements  due  to  the  difficulty  in  forming 
an  ohmic  contact  to  p-type  ZnSe.  The  measure¬ 
ments  were  made  using  Cr/Au  Schottky  contacts  in 
a  ring-dot  electrode  configuration  at  a  measurement 
frequency  of  1  MHz.  The  devices  were  typically 
200  pm  dots  with  a  20  pm  wide  separation 
between  the  center  dot  and  the  outer  ground  plane. 
Thus  far,  net  acceptor  concentrations  (Na-No)  of 
1.0x10’^ cm-®  have  been  n.easured  and  corre¬ 
spond  to  a  nitrogen  concentration  of  1.5  x  10’®  cm-® 
(as  measured  by  SIMS). 
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Figure  6.  (a)  (400)  x-ray  rocking  curve  obtained  from  a  1.1  pm  ZnSe  film  grown  on  4.3  pm  (ln,Qa)P.  The  residual 
strain  between  the  GaAs  substrate  and  the  (ln,Ga)P  buffer  layer  is  Aa/a-0.15  percent,  (b)  The  (ln,Ga)P  (400)  x-ray 
rocking  curve  obtained  after  the  ZnSe  had  been  selectively  etched.  The  peak  of  the  GaAs  substrate  feature  has  been 


shifted  to  0  arc  seconds  for  clarity. 


3.3  Novel  Epitaxial  lll-V  Buffer  Layers 
for  Wide  Bandgap  ll-VI  Visible  Sources 
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The  ZnSe-based  material  system,  in  which 
(Zn,Mg)(S,Se)  barrier  layers  and  (Zn,Cd)Se  well 
layers  are  used,  offers  the  ability  to  fabricate  a  mul¬ 
titude  of  heterostructure  devices  capable  of  emitting 


light  throughout  the  entire  visible  region.  A  signif¬ 
icant  device  bottleneck,  however,  is  the  lack  of 
large  area,  high  quality  bulk  ll-VI  substrates.  As  a 
result,  the  ll-VI  devices  are  grown  on  lll-V 
substrates  which  can  potentially  lead  to  the  pres¬ 
ence  of  appreciable  lattice-mismatch  strain  within 
the  ll-VI  layer.  The  detrimental  effects  of  lattice- 
mismatch  constrain  the  present  state-of-the-art 
blue-green  semiconductor  lasers  to  be  designed  to 
be  fully  strained,  such  that  the  structures  are 
pseudomorphic  to  bulk  GaAs.”  The  use  of  (ln,Ga)P 
epitaxial  buffer  layers  as  an  "alternate  substrate" 
enables  the  (ln,Ga)P  lattice  constant  to  be  contin¬ 
uously  varied  from  that  of  ZnS  (GaP)  to  roughly  that 
of  Zno^CdosSe  (InP)  (see  figure  1).  By  matching 
the  lattice  constant  of  the  lll-V  "alternative 
substrate"  to  the  ll-VI  structure,  the  strain  is  mini¬ 
mized  in  the  ll-VI  device  layers,  and  the  misfit  dislo¬ 
cations  can  be  engineered  to  remain  primarily  near 
the  (ln,Ga)P/GaAs  interface,  as  opposed  to  the 
ZnSe/(ln,Ga)P  interface.  The  use  of  these  novel 


B  T.  Okuyama,  T.  Miyajima,  Y.  Morinaga,  F.  Hiei,  M.  Ozawa,  and  K.  Akimoto,  *ZnSe/ZnMgSSe  Blue  Laser  Diode,'  Electron.  Lett  28: 
1798-1799  (1992). 
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buffer  layers  is  anticipated  to  lead  to  an  improve¬ 
ment  in  the  device's  performance,  as  well  as  to 
provide  greater  flexibility  in  1 1- VI  laser  design  to 
achieve  shorter  wavelengths  of  blue  emission. 
Additional  benefits  are  expected  to  be  derived  (1) 
from  the  chemical  differences  which  exist  between 
the  ZnSe  and  (ln,Ga)P,  as  compared  to  GaAs,  for 
future  device  processing,  and  (2)  by  utilizing  various 
band  structure  engineering  techniques  to  provide  a 
graded  transition  in  the  valence  band  discontinuity 
present  between  GaAs  and  ZnSe  which  is  neces¬ 
sary  for  optimized  electronic  transport. 

The  lll-V  layers  were  grown  using  GSMBE  in  a 
dedicated  reactor.  The  (ln,Ga)P  buffer  layers  were 
grown  at  450°C  (on  a  0.5  ^m  homoepitaxial  GaAs 
buffer  layer),  where  the  substrate  temperature  was 
calibrated  using  the  melting  point  of  InSb  (525''C). 
Elementai  effusions  cells  containing  In  and  Ga,  in 
addition  to  PH3,  which  is  cracked  at  900'’C,  were 
used  as  sources.  The  (ln,Ga)P  surface  exhibited  a 
sharp  (2x1)  surface  reconstruction  during  growth, 
as  observed  by  RHEED.  During  the  initial  minutes 
following  nucieation,  RHEED  intensity  oscillations 
were  observed  and  were  used  to  estimate  the  alloy 
composition  in  real  time.  The  precise  alloy  compo¬ 
sition  was  determined  by  (400)  and  (511)  reflections 
of  high  resolution  x-ray  diffraction  rocking  curves. 
The  thicknesses  of  the  (ln,Ga)P  buffer  layers  were 
(1)  estimated  from  the  Group  III  fluxes,  (2)  obtained 
from  RHEED  oscillations  which  indicate  the  growth 
rate,  and  (3)  subsequently  measured  by  a 
profilometer  following  the  selective  removal  of  the 
ZnSe  and  (ln,Ga)P  by  chemical  etching.  At  the 
completion  of  the  (ln,Ga)P  buffer  layer,  the  surface 
was  coated  in  situ  with  amorphous  As  by  lowering 
the  substrate  temperature  to  below  100°C  in  an 
arsenic-rich  environment  (obtained  by  using  a 
cracked  AsHa  flux).  The  samples  were  then  trans¬ 
ferred  ex  situ  to  the  ll-VI  GSMBE  reactor.  The 
amorphous  As  was  thermally  desorbed  from  the 
(ln,Ga)P  buffer  layers  at  approximately  270°C. 
During  the  nucieation  of  ZnSe  on  the  (ln,Ga)P 
epitaxial  surface,  a  streaky  RHEED  pattern  was 
observed  in  most  cases,  and  persisted  throughout 
the  entire  growth  of  the  ZnSe  layer.  However,  a 
bulk  diffraction  pattern  was  observed  from  the  ZnSe 
during  the  initial  stages  of  growth,  if  the  temper¬ 
ature  of  the  (ln,Ga)P  buffer  layer  was  increased  to 
temperatures  nearing  400°C  during  the  As 
desorption  process.  Excessive  phosphorus  evapo¬ 
ration  is  speculated  to  have  occurred  at  the  higher 
As  desorption  temperatures  and  contributed  to  the 
three  dimensional  nucieation  behavior  of  ZnSe  on 
(ln,Ga)P. 


The  ZnSe/(ln,Ga)P/GaAs  heterostructures  were 
examined  by  high  resolution  (four  and  double 
crystal)  x-ray  diffraction.  The  (ln,Qa)P  compositions 
were  calculated  using  both  the  (400)  and  the  (511) 
rocking  curves  and  correlated  with  the  RHEED 
intensity  oscillations.  The  information  derived  from 
the  (511)  rocking  cunres  indicated  that  the  (ln,Ga)P 
films  having  thicknesses  of  roughly  1  ijm  were 
pseudomorphic  to  the  GaAs  substrate,  and  that 
even  films  having  thicknesses  greater  than  4  /im 
were  only  partially  relaxed.  Figure  6a  shows  the 
(400)  x-ray  rocking  curve  obtained  from  the 
ZnSe/(ln,Ga)P/GaAs  heterostructure  containing  a 
4.3  ^m  lno.52Gao.4aP  buffer  layer.  Figure  6b  shows 
the  identical  structure  following  the  removal  of  the 
1.1  ^m  ZnSe  layer  by  selective  etching.  The 
FWHM  for  each  of  the  peaks  from  the  lll-V  layers 
are  30  arc  seconds  for  G2iAs  and  40  arc  seconds 
for  the  (ln,Ga)P.  The  (511)  rocking  curves  for  this 
structure  indicated  that  the  (ln,Ga)P  was  not  fully 
relaxed,  but  still  contained  approximately  0.11 
percent  lattice  mismatch  between  the  ZnSe  and  the 
(ln,Ga)P.  According  to  the  (511)  rocking  curves, 
the  composition  of  the  (ln,Ga)P  film  was  such  that 
when  fully  relaxed,  the  in-plane  lattice  constant 
would  be  the  same  as  that  of  ZnSe.  The  width  of 
the  (400)  ZnSe  peak  reflects  the  presence  of  dislo¬ 
cations  at  the  ZnSe/lll-V  heterointerface  due  to  the 
presence  of  the  lattice-mismatch  which  still  remains. 

Comparisons  of  the  surface  morphology  using 
optical  Nomarski  microscopy  and  scanning  electron 
microscopy  (SEM),  indicated  that  the  ZnSe  films 
grown  on  the  (ln,Ga)P  buffer  layers  (and  on  the 
bulk  GaAs  substrates)  were  featureless  at  SEM 
magnifications  as  high  as  12,000  times.  For 
epitaxial  buffer  layers  of  (ln,Ga)As  lattice-matched 
to  ZnSe,  the  lll-V  surface  was  reported  to  have  sig¬ 
nificant  cross  hatching  due  to  lattice  reiaxation.^ 
Similar  surface  features  have  been  observed  for 
InxGai-xP  films  which  have  been  grown  at  In  com¬ 
positions  (x  =  0.55),  which  when  fully  relaxed, 
would  have  a  lattice  constant  greater  than  the  in- 
piane  lattice  constant  of  ZnSe.  For  In  compositions 
of  X  =  0.55,  the  layers  were  only  partially  relaxed, 
but  exhibited  in-plane  lattice  constants  lattice- 
matched  to  ZnSe;  in  this  case,  the  (ln,Ga)P 
surface  appeared  cross-hatched.  In  addition,  for  a 
given  in  composition,  growth  conditions  using  a 
higher  growth  temperature  (500°C)  resulted  in  a 
cross-hatched  surface. 

The  optical  properties  of  the  ZnSe  films  were  meas¬ 
ured  using  PL  spectroscopy.  The  10K  PL  spectra 


9  Private  communication  with  R.L.  Gunshor,  Purdue  University,  LaPayette,  Indiana. 
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of  the  ZnSe  on  the  pseudomorphic  (ln,Ga)P  buffer 
layers,  or  on  bulk  GaAs  substrates,  were  dominated 
by  the  luminescence  attributed  to  transitions  associ¬ 
ated  with  donor-bound  excitons.  Defect-related 
luminescence  originating  from  mid-bandgap  deep 
levels  was  not  obsenred.  However,  the  photolu¬ 
minescence  from  ZnSe  grown  on  the  partially- 
reiaxed  (ln,Ga)P  buffer  iayers  contained  features 
identified  as  those  due  to  both  donor-bound  exc¬ 
itons  (2.795  eV)  and  free  excitons  (2.803  eV) 
having  roughly  the  same  intensity  (as  can  be  seen 
in  figure  7).  For  the  sampies  examined,  which  have 
a  very  high  degree  of  purity,  the  Yo  (2.603  eV)  and 


ly  (2.775  eV)  transitions  were  also  detected.  Both 
the  Yoandly  transitions  have  been  reported  to  be 
due  to  extended  defects'^  which  suggested  that  the 
ZnSe  layer  still  contained  defects  due  to  lattice 
relaxation.  The  obsenration  of  the  Yo  and  ly  transi¬ 
tions  served  as  additional  evidence  that  these 
(in,Ga)P  buffer  layers  were  only  partially  relaxed, 
whereas  the  ZnSe  was  completely  relaxed  (and 
confirmed  by  cross-sectional  transmission  electron 
microscopy).  The  transition  occurring  at  1.938  eV 
is  attribute  to  the  PL  originating  from  the  (ln,Ga)P 
buffer  layer. 


Figure  7.  10  K  photoluminescence  spectrum  of  the  1.1  pm  ZnSe  film  grown  on  a  partially  relaxed  4.3  pm  (ln,Ga)P  film. 
The  feature  at  1 .938  eV  is  attributed  to  the  photoluminesoence  from  the  (ln,Ga)P  buffer  layer.  Features  at  2.803,  2.795, 
2.776  and  2.603  are  identified  as  transitions  due  to  free  exdtons,  donor-bound  excitons,  lv°,  and  Yo,  respectively.  The 
origin  of  the  feature  at  2.717  is  unknown  and  under  investigation.  (The  feature  at  1.907  eV  is  the  second  harmonic  of 
the  3250  A  line  from  the  HeCd  laser.) 


10  J.  Saraie,  M.  Matsumura,  M.  Tsubokura,  K.  Miyagawa,  and  N.  Nakamura,  ’Y-line  Emission  and  Lattice  Reiaxation  in  MBE-ZnSe  and 
-ZnSSe  on  GaAs,’  Jpn.  J.  Appl.  Phys.  26:  L106-L111  (1989);  K.  Shahzad,  J.  Petruzzello,  D.J.  Olego,  D.A.  Cammack,  and  J.M. 
Gaines,  ’Correiation  between  Radiative  Transitions  and  Structurai  Defects  in  Zinc  Seienide  Epitaxiai  Layers,'  Appl.  Phys.  Lett.  57: 
2452-2454  (1990);  J.O.  Wiiiiams,  A.  Wright,  and  H.M.  Yates,  'High  Resoiution  and  Conventional  Transmission  Electron  Microcopy  in 
the  Characterization  of  Thin  Films  and  Interfaces  Involving  ll-VI  Materials,'  J.  Cryst.  Growth  441-453  (1992). 
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Characterization  by  photoiuminescenoe  indicates 
that  high  quality  ZnSe  epilayers  have  been  grown 
on  (ln,Ga)P  buffer  layers  by  GSMBE.  However,  the 
critical  thickness  of  the  (ln,Ga)P  epilayers  greatiy 
exceeded  the  value  predicted  by  the  Matthews  and 
Blakeslee  force  balancing  model  (47  nm)."  as  well 
as  by  a  model  which  uses  an  assumption  of  energy 
balance  (3.2  Various  techniques  that  induce 
lattice  relaxation  are  under  investigation  so  that  we 
can  control  the  selection  of  a  specific  in-plane 
lattice  constant  for  heteroepitaxy.  Thus  far. 
(ln,Ga)P  is  a  promising  epitaxial  substrate  material 
for  the  realization  of  devices  based  on  ZnSe  and 
related  ll-VI  compounds. 


3.3.1  Publications 

Lu,  K.,  J.L  House.  P.A.  Fisher.  C.A.  Coronado.  E. 
Ho,  G.S.  Petrich  and  L.A.  Kolodziejski. 
"GSMBE  Growth  of  ZnSe  on  Novel  Buffer 

Layers."  J.  Vac.  Sci.  Tech.  B  (1994).  Forth¬ 
coming. 

Lu,  K.,  P.A.  Fisher,  E.  Ho,  J.L.  House,  C.A. 
Coronado,  G.S.  Petrich,  and  L.A.  Kolodziejski. 
"GSMBE  of  ZnSe  on  (ln,Ga)P."  Spring  Meeting 
of  the  Materials  Research  ^iety,  San 
Fransisco,  California,  April  4-8, 1994. 

Lu,  K.,  P.A.  Fisher,  J.L.  House,  E.  Ho,  C.A. 
Coronado,  G.S.  Petrich,  and  L.A.  Kolodziejski. 
"(ln,Ga)P  Buffer  Layers  for  ZnSe-Based  Visible 
Emitters."  J.  Cryst.  Growth  (1994).  Forth¬ 
coming. 

Thesis 

Lu,  K.  Lattice-Matched  (ln,Ga)P  Buffer  Layers  for 
ZnSe  Based  Visible  Emitters.  S.M.  thesis,  Dept, 
of  Electr.  Eng.  and  Comput.  Sci.,  MIT,  1994. 


3.4  Intagrated  Photonic  Devices:  The 
Channel-Dropping  Filter 

Sponsor 

National  Center  for  Integrated  Photonic  Technology 
Contract  542-381 

Project  Staff 

Professor  Hermann  A.  Haus,  Professor  Leslie  A. 
Kolodziejski,  Professor  Henry  I.  Smith,  Or.  Gale  S. 
Petrich,  Jay  N.  Damask 

The  channel-dropping  filter,  first  proposed  by  Pro¬ 
fessor  Hermann  Haus,'>  is  a  member  of  a  family  of 
integrated  photonic  wavelength-division  multiplexers 
(WDM)  arid  demultiplexers.  Unlike  other  multi- 
lexers  which  terminate  and  resolve  an  entire  bit 
stream  within  one  device,  the  channel-dropping 
filter  can  selectively  add  (or  remove)  only  one 
wavelength  channel,  while  the  other  remaining 
channels  are  left  undisturbed.  The  property  of 
single  channel  filtering  offers  a  new  degree  of 
fre^m  to  the  WDM  network  architecture.  Our 
objective  is  to  fabricate  the  integrated  resonant 
channel-dropping  filter  using  the  (ln,Ga)(As,P)  com¬ 
pound  semiconductor  material  system. 

The  (ln,Ga)(As,P)  semiconductor  system  meets 
several  of  the  material  requirements  for  the  fabri¬ 
cation  and  eventual  implementation  of  the  channel¬ 
dropping  filter.  The  (ln,Ga)(As,P)  heterostmeture 
system  is  compatible  with  optical  communication 
systems  operating  at  1.55  /im  and  is  lattice- 
matched  to  InP  over  a  wide  range  of  direct  energy 
bandgaps  (A,  -  0.87  pm  for  InP  through 
Ag-1.67/jm  for  lno.s3Gao.47As).  The  quaternary 
material  system  also  possesses  sufficiently  large 
differences  in  the  index  of  refraction  for  various 
alloy  compositions,  which  is  necessary  to  confine 
an  optical  mode,  and  the  material  has  been 
reported  to  exhibit  waveguide  losses  of  s  1  dB/cm. 

Our  current  research  has  focused  on  the  device 
design,  epitaxial  growth,  and  fabrication  of  passive 
low-loss  waveguides.  Vertical  optical  mode  con¬ 
finement  in  the  waveguides  is  achieved  by  control¬ 
ling  the  index  of  refraction,  via  the  correct  selection 
of  the  energy  bandgap  for  each  epitaxial  layer.  The 
energy  bandgap  is  determined  by  the  mole  fraction 
of  the  constituent  alloy  elements:  In,  Ga,  As,  and  P. 


«  J.W.  Matthews  and  A.E.  Blakeslee,  'Defects  In  Epitaxial  MultUayers;  I.  Misfit  Dislocations,'  J.  Crystal  Qnnrffi  27: 118-125  (1974). 

12  R.  People  and  J.C.  Bean,  'Calculation  of  Critical  Uyer  Thickness  Versus  Lattice  Mismatch  for  Ge,Se,.VSi  Strained-layer  Heterostruc- 
tures,'  Phys.  Lett.  47;  322-324  (1985). 

13  H.A.  Haus  and  Y.  Lai,  'Narrow-Band  Optical  Channel-Dropping  Filter,'  Jl  Lightwave  Technol.  10:  57-62  (1992). 
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The  Ill-V-dedicated  gas  source  molecular  beam 
epitaxy  reactor  uses  elemental  sources  for  In  and 
Ga,  and  gaseous  hydride  sources  for  As  and  P. 
The  ratio  of  Group  III  and  Group  V  elements  deter¬ 
mines  the  energy  bandgap  and  lattice  constant  for 
a  particular  quaternary  alloy. 

Control  of  the  alloy  composition  for  lni.,GaxASyPi.y 
is  difficult  due  to  the  vastly  different  sticking  coeffi¬ 
cients  of  the  Group  III  and  Group  V  species.  For  a 
narrow  range  of  growth  temperature,  the  sticking 
coefficients  for  the  indium  and  gallium  atoms  are 
near  unity,  whereas  the  sticking  coefficients  for  the 
arsenic  dimers  and  phosphorus  dimers  are  less 
than  unity,  varying  strongly  with  substrate  temper¬ 
ature.  The  In/Ga  flux  ratio,  and  hence  composition, 
is  selected  by  the  appropriate  choice  of  the  two  ele¬ 
mental  source  temperatures.  However,  the  As/P 
composition  ratio  cannot  be  similariy  established.  In 
competition  for  surface  sites.  As  will  displace  P  by  a 
50  to  1  ratio.  Therefore,  the  epitaxial  surface  must 
have  an  arsenic  surface  coverage  depleted  of  As, 
so  as  to  allow  for  P  incorporation.  Thus,  the 
As/(ln-t-Ga)  ratio  is  controlled,  and  phosphorus  is 
the  remaining  constituent  species  which  is  in  abun¬ 
dance  and  primarily  sets  the  Group  V  to  Group  ill 
overpressure. 

The  control  algorithm  for  the  alloy  composition  is 
initiated  by  establishing  the  In/Ga  ratio  which  will 
determine  the  bandgap  of  the  alloy.  By  modifying 
the  As  content,  the  lni.xGaxASyPi.y  alloy  is  lattice- 
matched  to  the  InP  substrate.  This  control  algo¬ 
rithm  allows  for  variation  of  the  energy  bandgap, 
while  maintaining  the  lattice  match  to  InP. 

Figure  8a  shows  an  (in,Ga)(As,P)/lnP  rib  wave¬ 
guide  design  that  has  been  optimized  for  both 
maximum  coupling  to  a  Bragg  grating  (not  shown) 
and  for  minimum  fabrication-indued  waveguide 
loss.  (The  Bragg  grating  will  be  etched  on  the  top 
of  the  rib.)  The  200  A  quaternary  layer  provides  an 
etch  stop  for  the  fabrication  process,  to  enable  the 
height  of  the  waveguide  rib  to  be  well  defined  and 
repeatable  from  sample  to  sample.  Figure  8b  is  a 
SEM  micrograph  of  a  waveguide  facet  that  was 
stained  to  enhance  the  contrast  between  epitaxial 
layers.  In  a  parallel  effort,  the  masks  necessary  to 
characterize  the  waveguides  have  been  designed 
and  manufactured  with  emphasis  on  the  study  of 
waveguide  loss,  as  measured  by  cutback  and 
Fabry-Perot  techniques,  waveguide-waveguide  cou¬ 
pling,  and  facet  reflectivity  of  waveguides  angled 
with  respect  to  the  cleaved  end. 


Thesis 

Damask,  J.N.  A  New  Photonic  Device:  The  Inte¬ 
grated  Resonant  Channel-Dropping  Filter.  S.M. 
thesis.  Dept,  of  Electr.  Eng.  and  Comput.  Set., 
MIT,  1993. 


3.5  Heterovalent  Interfaces  Composed 
of  ll-VI/lll-V  Heterostructures 

Sponsor 

National  Science  Foundation 
Contract  DMR  92-02957 
Grant  DMR  90-22933 

Project  Staff 

Professor  Leslie  A.  Kolodziejski,  Dr.  Gale  S. 
Petrich,  Jody  L.  House,  Kuo-Yi  Lim 

Epitaxial  growth  of  the  wide  bandgap  semicon¬ 
ductor  ZnSe  onto  GaAs  buffer  layers  is  compiicated 
by  the  disparity  between  the  electronic  configuration 
which  exists  during  the  formation  of  the 
heterointerface.  Due  to  the  change  in  valency 
occurring  from  one  monolayer  to  the  next  as  the 
ll-VI/lll-V  interface  is  formed,  interface  states  are 
generated  at  the  heterointerface.  The  interface 
states  affect  the  efficiency  of  the  carriers  being 
injected  from  the  GaAs  to  the  ZnSe  (for  example  in 
a  pn  diode  configuration).  One  method  for  investi¬ 
gating  the  nature  of  the  interface  states  in  the 
ZnSe-on-GaAs  "noninverted"  heterostmeture  is 
through  the  examination  of  the  electrical  character¬ 
istics  of  depletion-mode  MISFET  devices,  where 
ZnSe  is  the  insulator  for  the  GaAs  channel.  Modifi¬ 
cation  of  the  density  of  interface  states  wili  be 
studied  by  engineering  the  stoichiometry  of  each 
iayer  during  the  interface  formation.  The  fabrication 
of  the  ZnSe/GaAs  MISFET  devices  involves  the 
development  of  the  wet  etch  and  ohmic 
metallization  techniques,  in  addition  to  the  creation 
of  an  appropriately  designed  device  mask  set.  The 
masks  have  been  designed  so  that  the  gate  lengths 
range  from  2  to  50  microns.  Currentiy,  the  growth 
parameters  and  the  processing  steps  for  the 
ZnSe/GaAs  heterostructure  are  under  deveiopment. 

The  fabrication  of  the  inverted  interface,  i.e., 
GaAs-on-ZnSe,  for  the  fabrication  of  multilayered 
structures  composed  of  ZnSe  wide  bandgap  bar¬ 
riers  and  GaAs  quantum  well  layers,  represents  a 
challenge  in  materials  science.  The  growth 
approach  must  address  issues  regarding  materials 
which  are  fabricated  at  vastly  different  growth  tem¬ 
peratures  (the  optimum  growth  temperatures  differ 
by  almost  300°C).  The  first  effort  toward  fabrication 
of  the  inverted  structure  has  been  to  examine  the 
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Figure  8.  A  cross  sectional  view  of  the  (ln,Ga)(As,P)/lnP  rib  waveguide,  (a)  The  designed  structure  showing  the  indi¬ 
vidual  layers  and  thicknesses.  The  200  A  quaternary  layer  provides  an  etch  stop  for  the  waveguide,  (b)  A  SEM  micro¬ 
graph  of  the  lnP/(ln,Ga)(As,P)/lnP  waveguide  structure. 
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effects  of  very  low  growth  temperatures  on  the 
GaAs  layers,  as  characterized  by  high  resolution 
x-ray  diffraction  and  photoluminescence.  Only  at 
the  very  lowest  growth  temperature  (~  270°C)  is 
excess  As  incorporation  observed.  In  addition, 
ZnSe  layers  (grown  on  GaAs)  have  been  subjected 
to  various  temperature  extremes,  as  would  be  likely 
to  occur  during  the  growth  of  the  GaAs  well  layer. 
As  determined  by  photoluminescence,  the  optical 
properties  of  the  ZnSe  layers  appear  to  remain 
unaffected  by  rapid  thermal  anneals,  for  times  typi¬ 
cally  encountered  during  growth  of  the  well  mate¬ 
rial.  With  these  two  encouraging  results, 
experiments  are  underway  to  begin  the  growth  of 
the  inverted  GaAs-on-ZnSe  interface. 


3.6  Optoelectronic  Very  Large  Scale 
Integrated  Circuits 

Sponsor 

National  Center  for  Integrated  Photonic  Technology 
Contract  542-381 

Project  Staff 

Professor  Clifton  G.  Fonstad,  Jr.,  Professor  Leslie 
A.  Kolodziejski,  Dr.  Gale  S.  Petrich,  Joseph  F. 
Ahadian,  Kan  Lu 

The  project  described  herein  has  as  an  objective 
the  development  of  Al-free  compound  semicon¬ 
ductor  lasers  for  commercially  viable  OptoElectronic 
VLSI  circuit  (OE-VLSI)  technology.  The  lasers 
which  are  being  fabricated  will  eventually  be 
regrown  onto  commerially  fabricated  GaAs 
MESFET  VLSI  circuits.  These  fully  metallized  VLSI 
circuits  have  previously  been  found  to  withstand 
temperatures  of  up  to  500°C  for  several  hours 
without  degradation.  Conventionally-grown 
(AI,Ga)As-based  lasers  require  growth  temperatures 
greater  than  600°C  to  achieve  high  quality  material, 
and  therefore  will  not  allow  for  regrowth  onto  the 
completed  VLSI  circuitry.  In  contrast,  however,  the 
(ln,Ga)(As,P)  heterostructure  system  is  normally 


grown  at  substrate  temperatures  near  or  below 
500°C.  At  present,  multiple  quantum  well 
(ln,Ga)As/GaAs/(ln,Ga)P  laser  structures  have  been 
designed.  High  quality  (ln,Ga)P  epilayers  on  GaAs 
substrates  have  been  deposited,  and  both  n-  and 
p-type  doping  studies  are  underway  to  calibrate  the 
dopant  sources  and  growth  parameters. 


3.7  Heteroepitaxy  of  GaAs  onto 
Corrugated  Surfaces  of  Si 

Project  Staff 

Professor  Leslie  A.  Kolodziejski,  Professor  Henry  I. 
Smith,  Professor  Carl  V.  Thompson,  Dr.  Gale  S. 
Petrich,  Sean  M.  Donovan,  Kan  Lu 

GaAs-based  devices  provide  unique  optoelectronic 
capabilities  which  are  not  available  with  Si-based 
devices.  However,  the  processing  technology  for 
GaAs  is  not  as  mature  and  well  characterized  as 
that  for  Si  VLSI  processing  technology.  A  natural 
step  would  be  to  combine  the  two  device  systems 
via  monolithic  integration,  which  requires  the  heter- 
oepitaxial  growth  of  GaAs  onto  Si.  A  significant 
obstacle,  however,  occurs  due  to  the  4.1  percent 
lattice  mismatch,  and  the  presence  of  large  differ¬ 
ences  in  thermal  expansion  coefficients  between 
the  two  materials  giving  rise  to  unacceptably  high 
dislocation  densities  in  the  GaAs  overtayer.  In 
earlier  work  by  Professor  Smith  and  coworkers,'*  it 
was  observed  that  by  etching  a  silicon  substrate  to 
contain  a  saw-tooth-like  pattern  that  the  threading 
dislocation  density  in  the  surface  regions  of  a 
heteroepitaxially-grown  GaAs  film  was  greatly 
reduced.  A  detailed  investigation  is  underway  in 
order  to  understand  the  mechanism  responsible  for 
the  reduction  in  the  dislocation  density,  which  will 
result  in  the  successful  integration  of  GaAs  and  Si 
functionalities.  The  study  will  also  aid  in  the  under¬ 
standing  of  polar  on  non-polar  epitaxy  using 
GaAs-on-Si  as  the  test  structure.  Our  work  thus  far 
has  primarily  emphasized  refinement  of  the  process 
for  producing  the  saw-tooth  patterned  Si  substrates 
and  preparing  the  surface  for  GaAs  epitaxy. 


'*  K.  Ismail,  F.  Legoues,  N.H.  Karam,  J.  Carter,  and  H.l.  Smith,  'High-quality  GaAs  on  Sawtooth-Patterned  Si  Substrates,*  Appl.  Phys. 
Lott.  59:  2418-2420  (1991). 
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Chapter  1.  Statistical  Mechanics  of  Quantum  Dots 
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1.1  Project  Description 


CW  -  -  (2) 


Sponsor 

Joint  Services  Electronics  Program 
Contract  OAAL03-92-C-0001 

Quantum  dots— isolated  systems  of  electrons 
whose  dimensions  are  smaller  than  typical  electron 
dephasing  length— are  being  investigated  as  poten¬ 
tial  elements  of  novel  electronic  devices.  In  addition 
to  their  interest  for  such  applications  their  funda¬ 
mental  physical  properties  are  of  a  substantial 
interest.  Combination  of  quantum  interference  of 
electronic  waves  with  geometrical  restrictions  in  all 
directions  and  with  the  interaction  between  elec¬ 
trons  yields  a  rich  variety  of  behavior. 

To  develop  a  statistical  approach  to  the  description 
of  chaotic  energy  spectra  in  the  presence  of 
external  fields,  we  have  started^  with  a  disordered 
mesoscopic  ririg  with  Aharonov-Bohm  flux  4>.  The 
ener^  of  a  given  electron  state  Ea  is  a  periodic 
function  of  4>  with  a  period  <I>o  >  hc/e.  At  the  same 
time  on  the  interval  4>  <  4>a  this  function  E«,(^)  is 
random.  We  have  found  that  the  autocorrelation 
function  of  the  derivatives  dE^ydO  (i.e.,  of  the  cur¬ 
rents  carried  by  the  level  at  different  fluxes)  deter¬ 
mined  as 


C(4>) 


dEa(»i)  dEa(»i  ») 

d4»i  do  '  ' 


in  the  intenral  4>o «  4> «  4>e  -  g*'^o.  where  g  is  the 
conductance  of  the  ring. 

As  soon  as  o  becomes  of  the  order  of  or  bigger 
than  Oo.  the  universality  disappears,  and  C(0)  turns 
out  to  be  dependent  on  sample  geometry,  degree 
of  disorder,  etc.  However,  for  a  disordered 
quantum  dot,  the  C(0)-function  at  O  2  4>,  given  the 
geometry,  can  be  evaluated  within  the  same 
pertubative  approach  as  equation  2.  At  the  same 
time,  C(0)  at  o  <  Oe  cannot  be  evaluated 
perturbatively;  equation  2  apparently  diverges  when 
O-^O.  We  have  developed  a  nonperturbative 
formalism  to  treat  the  region  of  very  small  fluxes. 
This  allowed  us  to  discover  an  even  higher  level  of 
universality  than  is  demonstrated  1^  equation  2.^ 

Suppose  the  Hamiltonian  of  our  quantum  chaotic 
system  depends  on  an  external  perturbation 
through  some  parameter  X  (in  our  previous 
example  X  >  4>),  having  eigenvalues  given  by  the 
random  functions,  Ea(X).  Such  a  hamiltonian  can 
describe  an  atom,  a  molecule,  or  a  whole  variety  of 
mesoscopic  quantum  systems  and  devices  in  the 
presence  of  external  field.  It  can  include  disorder 
and  interaction  between  electrons.  With  no  loss  of 
generality,  we  assume  that  <SEa(X)/SX>  -  0, 
where  <....>  denote  an  average  over  X  and  over  a 
typical  range  of  levels.  We  have  shown  that  the 
rescaling 


is  universal,  i.e.,  independent  on  the  disorder  and 
on  particular  characteristics  of  the  quantum  dot: 


1/2 

X  -  X[C(0)]  .  £„(X)  -  E«(X)/A  (3) 


1  A.  Szafer  and  B.L.  Altshuler,  'Universal  Correlations  in  the  Spectra  of  Chaotic  Systems  With  an  Aharonov-Bohm  Flux,*  Rtys.  Rev. 
Lett.  70:  587  (1993). 

2  B.D.  Simons,  A.  Szafer,  and  B.L.  Altshuier,  'Universality  in  Quantum  Chaotic  Spectra,'  JETP  Lett  57:  276  (1993);  B.D.  Simons  and 
B.L.  AKshuler,  'Universal  Velocity  Correiatkins  in  Disordered  and  Chaotic  Systems,*  Phys.  Rev.  Lett  70: 4063  (1993). 
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where  C(0)  is  determined  equation  1  (with  the  sub¬ 
stitution  of  X  for  <l>)  makes  the  statistics  of  £«  uni¬ 
versal,  i.e.,  independent  on  particular  quantum 
system  and  on  the  nature  of  the  parameter  X. 

To  demonstrate  this  remarkable  universality 
together  with  Professor  Daniel  Kleppner's  group,  we 
compared  the  correlation  functions  c(x)  -  C(X)/C(0) 
for  a  disordered  quantum  dot  and  for  the  hydrogen 
atom  in  a  magnetic  field  and  found  very  good 
agreement  for  the  two  completely  different 
systems.® 

We  have  calculated  exactly  a  number  of  correlation 
functions  such  as  the  correlator  of  densities  of 
states  at  different  energies  and  values  of  the 
dimensionless  parameter  X.*  This  allowed  us  to  dis¬ 
cover  another  remarkable  fact:  the  universal  corre¬ 
lations  that  describe  the  response  of  energy  levels 
of,  for  example,  a  disordered  metailic  grain  to  a 
magnetic  field  or  any  other  perturbation  are  equiv- 
aient  to  time-dependent  correlations  with  inverse 
square  interaction.® 

Also,  the  methods  that  we  have  developed  allowed 
us  to  study  dielectric  and  transport  properties  of 
periodic  systems  (periodic  arrays  of  quantum  dots 
or  antidots)  when  electron  motion  within  a  primitive 
cell  is  chaotic.®  For  a  large  conductance  g  of  a 
single  primitive  cell,  integration  over  the  Fermi 
surface  provides  an  effective  averaging  that  leads 
to  the  universal  answers.  We  have  determined  the 
dynamic  dielectric  function  and  ac  conductivity 
exactiy.  It  is  possible  to  also  describe  exactly  the 
transition  between  the  diffusive  motion  of  electrons 
and  ballistic  motion  of  Bloch  waves. 

In  connection  with  the  experiments  on  the  current 
switching  in  a  mesoscopic  conductor,  we  have 
studied  the  effect  of  an  external  magnetic  fieid  on  a 
defect  that  tunnels  incoherently  between  two 
locations  in  a  mesoscopic  metal.^  The  magnetic 
field  influences  the  energy  asymmetiy  (bias)  and 
the  poiaron  effect  due  to  the  conduction  electrons. 


Both  effects  contribute  to  the  magnetic  field 
dependence  of  the  tunneling  rate.  For  a  two-level 
system  that  has  no  bias  without  magnetic  field,  the 
modification  of  the  poiaron  effect  dominates  at  low 
fields  and  increases  slightly  the  tunneling  rate,  while 
at  large  fields  the  bias  increase  can  significantly 
suppress  the  average  tunneling  rate. 
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Our  JSEP-supported  research  on  the  behavior  of 
electrons  in  nanometer-sized  semiconductor  struc¬ 
tures  has  led  to  an  unexpected  and  remarkable  dis¬ 
covery.  We  found  that,  when  a  field  effect 
transistor  (FET)  is  made  very  small  and  separated 
from  its  source  and  drain  by  tunnel  junctions,  it 
behaves  in  a  way  completely  different  from  a  con¬ 
ventional  FET.  A  conventional  device  turns  on  only 
once  when  electrons  are  added.  For  example,  to 
turn  on  a  Si  transistor  that  is  0.5  ptm  square,  a  few 
thousand  electrons  must  be  added.  However,  if  a 
device  of  similar  size  is  separated  from  its  leads  by 
tunnel  junctions,  it  turns  on  and  off  again  each  time 
an  electron  is  added. 

In  collaboration  with  IBM,  we  fabricated  a  device 
structure  using  MBE  GaAs  as  shown  in  figure  1 
(inset).  This  device  is  similar  to  a  conventional  FET 
because  heavily  doped  GaAs  serves  as  the 
substrate  and  functions  as  the  gate.  To  accomplish 
this,  first  a  layer  of  AIGaAs  is  grown  to  serve  as  the 
insulator.  On  top  of  this  is  a  layer  of  GaAs  in  which 
the  electrons  accumulate  when  a  positive  voltage  is 
applied  to  the  gate.  To  confine  the  electrons  to  a 
small  region  and  isolate  them  from  source  and 


drain,  gold  electrodes  are  patterned  on  top  of  the 
GaAs  layer.  The  protrosions  of  these  electrodes 
create  potential  barriers  through  which  electrons 
must  tunnel  when  passing  through  the  device.  The 
constrictions  also  create  a  pool  of  electrons 
between  the  barriers. 

Figure  1  also  shows  the  behavioi  of  the  device  as 
the  gate  volti^  is  increased.  The  conductance 
from  source  to  drain  shows  sharp  peaks  turning  on 
and  off  vilth  ratios  as  high  as  10*.  A  calculation 
shows  that  the  capacitance  of  the  device  is  only 
10-'*  F,  so  that  the  voltage  between  peaks  or 
valleys  in  figure  1  is  exactly  that  necessary  to  add  a 
single  electron  to  the  transistor.  Thus,  the  device  is 
called  a  single-electron  transistor. 

For  our  purposes,  it  is  more  accurate  to  think  about 
this  and  other  structures  in  which  electrons  are  con¬ 
fined  in  all  three  dimensions  as  artificial  atoms.* 
When  electrons  are  confined  to  a  small  region  of 
space  their  charge  and  energy  become  quantized. 
The  quantization  of  energy  is  something  we  are 
familiar  with:  for  instance,  solving  the  Schrodinger 
equation  in  a  small  volume  gives  discrete  energy 
levels.  As  the  typical  dimension  r  of  the  region  is 
decreased,  the  spacing  of  the  levels  increases,  typi¬ 
cally  as  r*. 

However,  quantization  of  the  charge  is  less  familiar 
to  us.  Although  the  charge  of  an  electron  in  free 
space  is  quantized,  the  charge  in  any  small  region 
of  a  conductor  is  not,  because  the  wavefunction  of 
die  electrons  extends  over  the  entire  volume  of 
conductor.  Charge  quantization  is  induced  by  iso- 
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Figure  1.  Current  through  the  controlled-barrier  atom  as  a  function  of  the  voltage  on  the  gate  at  a  temperature  of  60 
mK.  The  inset  shows  a  schematic  of  the  device  structure. 


lating  a  small  part  of  the  conductor.  From  the 
scaling  theory  of  conductance  developed  in  the 
1980s,  we  know  that  this  isolation  occurs  when  the 
conductance  of  the  insulator  is  less  than  e^/h. 
Thus,  when  the  tunnel  barriers  conduct  less  than 
eVh,  both  the  charge  and  energy  of  the  isolated 
region  are  quantized. 

A  simple  way  to  explain  the  periodic  conductance 
resonances  shown  in  figure  1  follows.  An  electron 
tunnels  from  one  lead  onto  the  pool  of  electrons 
between  the  barriers  and  then  onto  the  other  lead. 
First  we  assume  that  the  pool  is  neutral,  compen¬ 
sated  by  charge  on  the  gate.  To  add  a  charge  Q  to 
the  pool  requires  energy  CF/2C,  where  C  is  the  totai 
capacitance  between  the  particle  and  the  rest  of  the 
system.  Since  one  can  add  no  less  than  one  elec¬ 
tron,  the  flow  of  current  requires  a  Coulomb  energy 
e^/2C.  Therefore,  because  of  charge  quantization 
there  is  an  energy  gap  in  the  spectrum  of  states  for 
tunneling.  For  an  electron  to  tunnel  onto  the  artifi¬ 
cial  atom,  its  energy  must  exceed  the  Fermi  energy 
of  the  contact  by  e^/2C,  and  for  a  hole  to  tunnel,  its 
energy  must  be  below  the  Fermi  energy  by  the 


same  amount.  Consequently,  the  energy  gap  has 
the  width  e^/C.  If  the  temperature  is  low  enough  so 
that  kT  <  e^/2C,  neither  eiectrons  nor  holes  can  flow 
from  one  lead  to  the  other. 

With  the  gate  voltage  Vg,  we  can  alter  the  energy 
required  to  add  charge  to  the  particie.  Vg  is  applied 
between  the  gate  and  source,  but  if  the  drain- 
source  voltage  is  very  small,  the  source,  drain  and 
particle  are  at  almost  the  same  potential.  With  Vg 
applied,  the  eiectrostatic  energy  of  charge  Q  on  the 
particle  is 

E-QVg  +  Q^/2C.  (1) 

The  first  term  is  the  attractive  interaction  between 
the  positively  charged  gate  electrode  and  the  (neg¬ 
ative)  charge  Q,  and  the  second  term  is  the 
repulsive  interaction  among  the  bits  of  charge  on 
the  particie.  Equation  1  shows  that  the  energy  as  a 
function  of  Q  is  a  parabola  with  minimum  at 
Qo--CVg.  For  simplicity,  it  is  assumed  that  the 
gate  is  the  only  electrode  that  contributes  to  C;  in 
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reality,  there  are  additional  factors/  By  varying  V,, 
we  can  choose  any  value  of  Qo,  which  is  the  charge 
that  would  minimize  the  energy  in  equation  1 ,  if  the 
charge  were  not  quantized.  However,  because  the 
real  charge  is  quantized,  only  discrete  values  of  the 
energy  E  are  possible.  When  Qo  -  -Ne,  for  which 
an  integer  number  N  of  electrons  minimizes  E,  the 
Coulomb  interaction  results  in  the  same  energy  dif¬ 
ference  e2/2C  for  increasing  or  decreasing  N  by 
one.  For  all  values  of  Qo  except  Qo--(N+1/2)e, 
there  is  a  smaller,  but  non-zero,  energy  for  adding 
or  subtracting  an  electron.  Under  these  circum¬ 
stances,  no  current  can  flow  at  low  temperature. 
However,  if  Qo--(N+1/2)e,  the  state  with  Q--Ne 
and  that  with  Q--(N+1)e  are  degenerate:  the 
charge  fluctuates  between  the  two  values  even  at 
zero  temperature.  Consequently,  the  energy  gap  in 
the  tunneling  spectrum  disappears,  and  current  can 
flow.  Therefore,  the  peaks  in  conductance  are  peri¬ 
odic,  occurring  whenever  CVg  -  Qo  - -(N+1/2)e, 
spaced  in  gate  voltage  by  e/C.  This  explanation  is 
called  the  Coulomb  blockade  mode!.^ 


flows  until  the  source-drain  voltage  shifts  the  energy 
by  this  amount.  Qnce  the  Coulomb  blockade  gap  is 
overcome,  a  spectrum  of  peaks  are  seen  in  the  dif¬ 
ferentia!  conductance.  These  correspond  to  excited 
states  of  an  artificial  atom  with  an  extra  electron  or 
hole.  If  the  gate  voltage  is  increased,  energy  levels 
shift  to  lower  energy  because  the  electrons  are 
attracted  by  the  positively  charged  gate. 

In  figure  2,  we  show  the  positions  of  peaks  similar 
to  those  in  the  top  panel  plotted  as  a  function  of  the 
gate  voltage.  The  Coulomb  blockade  gap  is  clearly 
seen  opening  and  then  closing  for  each  electron 
added  to  the  atom.  In  addition,  the  quantized 
excited  states  are  evident,  separated  by  a  smaller 
energy  AE.  The  level  at  the  top  of  the  gap  corre¬ 
sponds  to  the  minimum  energy  required  to  add  an 
extra  electron  to  the  atom.  The  next  level  is  the 
amount  of  energy  required  to  add  one  electron  in 
the  first  excited  state,  and  so  on.  At  higher  voltage 
(not  shown)  are  levels  required  for  adding  two  and 
more  electrons. 


Artificial  atoms  can  be  made  in  various  ways.  One 
way  uses  only  metals.®  For  this  "all-metal  atom",  the 
energy  separation  of  the  quantized  levels  is  too 
small  to  measure,  but  the  effects  of  charge  quanti¬ 
zation  are  clear.  For  this  case,  the  Coulomb 
blockade  works  very  well.  Many  researchers^  have 
made  "quantum  dots",  which  are  analogous  to  the 
single-electron  transistor  with  no  gate.  By  varying 
the  voltage  between  source  and  drain,  one  can 
measure  the  spectrum  of  energy  levels  for  adding 
an  extra  electron  to  the  atom.'*  Figure  2  shows  the 
differential  conductance  of  our  device  as  a  function 
of  source-drain  voltage.  Near  zero  bias  there  is  a 
gap,  in  which  the  conductance  is  zero,  caused  by 
the  Coulomb  blockade.  It  takes  an  energy  eV2C, 
where  C  is  the  device  capacitance,  to  add  an  extra 
electron  to  the  artificial  atom.  Thus,  no  current 


From  figure  1 ,  one  sees  that  the  voltage  necessary 
to  add  one  electron  is  about  1  mV.  That  means 
that  the  Coulomb  energy  gap  for  our  device  is 
about  1  meV.  As  expected,  when  kT  is  comparable 
to  this,  the  single-electron  behavior  is  washed  out 
by  thermal  fluctuations.  In  fact,  because  other 
electrodes  contribute  to  the  capacitance  of  our 
small  transistor,  the  energy  scale  is  about  0.5  meV. 
Furthermore,  our  analysis  shows  that  the  conduc¬ 
tance  peaks  disappear  when  kT  is  about  one- 
quarter  of  the  gap,  that  is,  at  temperatures  above  a 
few  K.  Since  any  practical  application  will  require 
operating  temperatures  that  are  much  higher,  a 
primary  goal  of  our  research  is  the  exploration  of 
what  needs  to  be  done  to  increase  the  energy 
scale.  Reaching  this  goal  will  have  a  major  impact 
on  basic  physics  studies  as  well.  The  resolution  of 
single-electron  spectroscopies  is  kT.  Therefore, 
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Figure  2.  When  a  large  enough  is  applied,  electrons 
overcome  the  energy  gap  and  tunnel  onto  the  artificial 
atom.  The  inset  shows  the  case  for  Qo--(N+1/4)e. 
Each  time  a  new  discrete  state  is  accessible,  the  tun¬ 
neling  current  increases,  giving  a  peak  in  dl/dV*  (upper 
panel).  Plotting  the  positions  of  these  peaks  gives  the 
level  spectrum  in  the  lower  panel.  Note  how  the  levels 
and  the  gap  move  downward  as  V,  increases. 


of  the  device.  However,  as  the  size  of  the  device  is 
reduced,  the  capacitance  will  eventually  be  domi¬ 
nated  by  the  edges  and  will  scale  only  with  the 
linear  dimension  of  the  isolated  region.  Fortunately, 
the  quantum  mechanical  energy  spacing  AE  con¬ 
tinues  to  scale  with  the  area.  Therefore,  we  believe 
that,  with  careful  design  of  the  MBE  layer  stmcture 
and  the  gate  configuration,  we  should  be  able  to 
increase  the  energy  scale  by  a  factor  ~  100  so  that 
liquid  nitrogen  temperature  operation  is  probable 
and  room  temperature  operation  might  be  possible. 
This  will  require  close  collaboration  with 
researchers  growing  MBE  crystals.  We  have  estab¬ 
lished  this  kind  of  collaboration  with  Michael  R. 
Melloch  of  Purdue  University. 

Another  way  to  reduce  capacitance  is  using  Si 
instead  of  GaAs.  In  Si  MOSFETs,  the  lower  dielec¬ 
tric  constants  of  both  the  semiconductor  and  the 
insulator  (Si02)  are  an  advantage  for  single-electron 
devices.  Although  the  charges  at  the  Si-SiOa  inter¬ 
face  cause  unwanted  potential  fluctuations  inter¬ 
fering  with  the  device  operation,  their  density  is  low 
and  may  not  cause  serious  problems  in  a  very 
small  device.  In  our  early  experiments,  we  found 
that  the  energy  scale  introduced  by  these  surface 
charges  was  about  1  meV.  Therefore,  if  we 
increase  the  energy  scale,  the  surface  charges  will 
become  less  important. 

Making  devices  in  Si  offers  an  additional  advantage 
because  they  can  be  easily  integrated  with  conven¬ 
tional  circuits.  This  advantage  will  be  crucial  for 
useful  applications  to  become  a  reality. 


2.2  Publications 


increasing  the  underlying  energy  scale  increases 
the  relative  resolution  of  the  spectroscopies.  This 
will  surely  reveal  new  phenomena  that  are 
important  to  our  research. 

One  way  to  make  the  energy  scale  larger  is  to 
make  the  capacitance  smaller.  In  our  current 
devices,  the  gate  capacitance  scales  with  the  area 


Foxman,  E.B.,  P.L.  McEuen,  U.  Meirav,  N.S. 
Wingreen,  Y.  Meir,  P.A.  Belk,  N.A.  Belk,  M.A. 
Kastner,  and  S.J.  Wind.  "Effects  of  Quantum 
Levels  on  Transport  Through  a  Coulomb  Island." 
Phys.  Rev.  S47:  10020  (1993). 

Kastner,  M.  "Artificial  Atoms."  Phys.  Today  46(1): 
24-31  (1993). 
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3.1  Project  Description 

Sponsor 

Joint  Sen/ices  Electronics  Program 
Contract  DAAL03-92-C-0001 

Two  years  ago,  Professor  Raymond  Ashoori  dem¬ 
onstrated  that  it  is  possible  to  tunnel  a  single  elec¬ 
tron  on  and  off  a  quantum  dot  and  map  out  the 
energy  level  structures  of  the  first  five  or  ten  elec¬ 
trons.'  This  experiment  was  also  done  in  a  mag¬ 
netic  field  so  that  the  spectrum  can  be  monitored  as 
the  field  is  varied.^  In  the  future,  it  is  expected  that 
the  magnetic  field  can  be  increased  so  that  one  can 
enter  the  fractional  quantum  hall  effect  (FQHE) 
regime,  i.e.,  when  only  the  lowest  Landau  level  is 
occupied.  It  is  then  important  to  theoretically  study 
what  is  the  expected  behavior  for  the  tunneling  onto 
a  quantum  dot  in  the  FQHE  limit. 

We  addressed  this  problem  two  years  ago, 
assuming  that  the  electrons  are  confined  by  a 
rapidly  varying  potential.  We  found  a  strong  sup¬ 
pression  of  the  tunneling  amplitude  due  to  many- 
body  effects,  and  novel  features  such  as  alternating 
strong  and  weak  tunneling  amplitude  with 
increasing  electron  numbers  in  the  case  of  the  2/3 
filled  Landau  level.^  However,  in  practice  the  con¬ 


fining  potential  is  produced  by  gates  relatively  far 
away,  so  that  the  confining  potential  is  slowly 
varying.  In  the  past  year,  we  initiated  a  project  to 
study  the  behavior  of  the  edge  of  the  quantum  dot 
in  the  case  of  a  slowly  varying  potential.  It  is 
important  to  understand  the  edge  structure  because 
tunneling  occurs  predominantly  at  the  edge. 

Traditionally,  the  FQHE  is  understood  in  terms  of 
the  Laughlin  wavefunction,  which  describes  an 
incompressible  electron  state  at  special  filling 
factors.  Recently,  it  has  been  suggested  that  a  par¬ 
tially  filled  Landau  level  may  be  described  by 
making  a  transformation  to  composite  fermions.* 
This  is  achieved  by  attaching  two  magnetic  field  flux 
quanta  to  each  electron.  The  theory  explains 
several  experimental  obsenrations,  and  its  predic¬ 
tions  were  recently  experimentally  confirmed. 

We  use  the  composite  fermion  approach  to  study 
an  experimentally  relevant  system  where  electrons 
are  confined  to  a  quantum  wire  or  a  quantum  dot. 
We  solve  for  the  electron  wavefunction  by  multi¬ 
plying  it  with  a  Jastrow-like  function.  Figure  1  dem¬ 
onstrates  the  good  agreement  between  our 
calculations  and  the  results  obtained  from  the 
Laughlin  wavefunction  by  Rezayi  and  Haldane. 
However,  their  study  was  limited  to  simple  fractions 
and  few  electron  systems. 


*  R.C.  Ashoori  et  al.,  'Single-electron  Capacitance  Spectroscopy  of  Discrete  Quantum  Levels,*  Phys.  Rev.  Lett.  68;  3086  (1992). 

2  R.C.  Ashoori  et.  al.,  'N-Electron  Ground  State  Energies  in  a  Quantum  Dot  in  Magnetic  Reid,*  Phys.  Rev.  Lett.  71:  613  (1992). 

3  J.  Kinaret,  P.A.  Lae,  Y.  Meir,  X.G.  Wen,  and  N.  Wingreen,  'Conductance  Through  a  Quantum  Dot  in  the  Fractional  Quantum  Hall 
Regime,*  Phys.  Rev.  R.  45:  9484  (1992). 

*  B.l.  Halperin,  P.A.  Lu  ,  and  N.  Read,  Theory  of  the  Half  Filled  Landau  Level,*  Phys.  Rev.  B  47:  7312  (1993). 
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Figure  1.  Density  profile  for  the  1/3  quantum  Hall  state.  Dashed  line:  Rezayi-Haldane  calculations  for  the  Laughiin 
wavefunction.  Full  line:  Our  composite  fermion  Hartree  calculation.  Length  is  measured  in  magnetic  length  units.  Unit 
corresponds  to  a  completely  filled  Landau  level. 


We  are  able  to  extend  our  calculations  to  other 
fractional  states  and  greater  number  of  electrons. 
This  allows  us  to  perform  the  first  systematic  study 
of  the  fractional  edge  states.  We  find  that  the  frac¬ 
tional  edge  states  can  be  described  very  naturally 
in  the  composite  fermion  representation  as  the 
integer  edge  states  and  the  snake  states.  We  can 
predict  the  number  of  fractional  edge  states  formed 
in  a  given  confinement  scheme  as  well  as  the 
density  distribution  (see  figure  2).  These  results 
are  crucial  for  the  explanation  edge 
magnetoplasmon  experiments  in  mesoscopic 
devices.  The  results  are  also  the  starting  point  for  a 
theory  of  tunneling  onto  the  quantum  dot  in  the 
FQHE  regime. 


3^  Publications 

Lee,  P.A.  "Few  Electron  Nanostructures:  A  New 
Laboratory  for  Studying  Strongly  Correlated 
Systems."  Proceedings  of  the  NATO  Woikshop, 
Noordevijk,  the  Netherlands,  September  1992, 
Physica  S 189: 1  (1993). 

Meir,  Y.,  N.  Wingreen,  and  P.A.  Lee.  "Low  Temper¬ 
ature  Transport  Through  a  Quantum  Dot:  The 
Anderson  Model  Out  of  Equilibrium."  Phys. 
Rev.  Lett.  70:  2601  (1993). 
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Figure  2.  Density  profile  for  the  2/S  state  (composite  fermion  Hartree  calculation).  Despite  the  ripples  reflecting  the 
density-density  correlation  function  one  can  see  that  2(5  stats  goes  through  a  1/3  state  before  entering  the  vacuum. 
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4.1  Nanostructures  Laboratory 

The  Nanostructures  Laboratory  (NSL)  at  MIT  (for¬ 
merly  the  Submicron  Structures  Laboratory) 
develops  techniques  for  fabricating  surface  struc¬ 
tures  with  feature  sizes  in  the  range  from  nanome¬ 
ters  to  micrometers  and  uses  these  structures  in  a 
variety  of  research  projects.  The  NSL  includes 
facilities  for  lithography  (photo,  holographic  electron 
beam,  ion  beam,  and  x-ray),  etching  (chemical, 
plasma  and  reactive-ion),  liftoff,  electroplating, 
sputter  deposition,  and  e-beam  evaporation.  Much 
of  the  equipment  and  nearly  all  nf  the  methods  uti¬ 
lized  in  the  NSL  are  developtr  house.  Gener¬ 
ally,  commercial  integrated  >  1C)  processing 

equipment  cannot  achieve  the  je  .oiution  needed  for 
nanofabrication,  a^d  it  lacks  the  required  flexibility. 
Research  projects,  described  briefly  below,  fall  into 
four  major  categories:  (1)  development  of 
submicron  and  nanometer  fabrication  technology; 
(2)  nanometer  and  quantum-effect  electronics;  (3) 
periodic  structures  for  x-ray  optics;  spectroscopy 
and  atomic  interferometry;  and  (4)  crystalline  films 
on  non-lattice-matching  substrates. 


1  Tokyo  University  of  Agriculture  and  Technology,  Tokyo,  Japan. 


4.2  Scanning  Electron-Beam 
Lithography  Facility 

Sponsors 

Joint  Senrices  Electronics  Program 
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Semiconductor  Research  Corporation 
Contract  94-MJ-550 

Project  Staff 

Scott  E.  Silverman,  Professor  Henry  I.  Smith,  Juan 
Ferrera 

Since  its  inception  in  1978,  the  Submicron  Struc¬ 
tures  Laboratory  (recently  renamed  the  Nanostruc¬ 
tures  Laboratory)  has  relied  on  outside  facilities, 
most  notably  the  Naval  Research  Laboratory  (NRL) 
in  Washington,  D.C.,  and  IBM  in  Yorktown  Heights, 
New  York,  for  scanning-electron-beam  lithography 
(SEBL).  In  November  1993  we  received,  as  a 
donation  from  IBM,  an  SEBL  system,  designated 
the  VS-2A,  shown  in  figure  1 . 
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Figure  1.  Photograph  of  VS-2A  scanning-electron-beam 
lithography  system  donated  to  MIT  by  IBM. 


This  is  an  experimental  system  based  on  many 
years  of  IBM  technology  development  in  SEBL. 
The  VS-2A  system  will  be  the  cornerstone  of  a  new 
SEBL  facility  located  in  Building  38.  The  new 
facility  should  be  in  full  operation  by  May  1994. 

The  goals  of  the  new  facility  are  to  (1)  provide  the 
MIT  research  community  with  an  in-house  SEBL 
capability  for  writing  directly  on  experimental  device 
substrates:  (2)  advance  the  state-of-the-art  in 
SEBL,  particularly  with  regard  to  pattern  placement 
accuracy  and  long-range  spatial  phase  coherence; 
and  (3)  pattern  x-ray  nanolithography  masks.  Our 
approach  to  improved  pattern  placement  accuracy 
is  based  on  a  new  technique,  recently  invented  at 
MIT,  called  spatial-phase  locking.  It  is  expected 
that  the  new  SEBL  facility  will  concentrate  on 
sub-100  nm  electronic  and  quantum-effect  devices 
and  optoelectronic  devices  such  as  DFB  lasers  and 
channel  dropping  filters  for  wavelength-division  mul¬ 
tiplexing  in  optical  communication  systems. 


4.3  Spatial-Phase*Lockod 
Electron-Beam  Lithography 

Sponsors 

Joint  Services  Electronics  Program 
Contract  DAAL03-92-C-0001 
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James  M.  Carter,  Juan  Ferrera,  Scott  E.  Siiverman, 
Professor  Henry  1.  Smith,  Vincent  V.  Wong 

It  is  well  known  that  scanning-electron  beam  lithog¬ 
raphy  can  write  extremely  fine  lines.  ~10  nm  in  thin 
PMMA  and  ~1  nm  in  AIF3.  However,  because 
writing  fields  in  eiectron-beam  lithography  are  quite 
small  (1(P  to  10^  beam  steps),  large-area  patterns 
must  be  created  by  stitching  together  the  smail 
fiekJs,  using  a  laser  interferometer  to  provide  X-Y 
positioning  information.  However,  it  is  often  over¬ 
looked  that,  due  to  instability  and  drift,  the  precision 
with  which  this  can  be  done  is  much  poorer  than 
the  resolution.  Typically,  stitching  errors  of  20  to  50 
nm  (often  larger)  are  ob^rved  at  field  boundaries. 

We  have  proposed  to  solve  this  problem  by  devel¬ 
oping  a  technology  we  call  sp^tial-phase-locked 
electron-beam  lithography  (SPLEBL),  which  will 
provide  pattern  placement  accuracy  and  precision 
finer  than  the  resolution.  A  global  fiducial  grid  is 
placed  on  the  substrate.  The  grid  is  created  by 
holographic  lithography,  ensuring  long-range 
spatial-phase  coherence.  It  is  transparent  to  the 
beam,  but  enables  a  control  computer  to  keep  track 
of  the  beam  location  by  means  of  phase-locking 
techniques  and  thus  correct  for  any  drift  in  the 
system. 

In  order  to  demonstrate  the  efficacy  of  SPLEBL, 
x-ray  masks  for  distributed-feedback  lasers  and 
channel-dropping  filters  were  fabricated  in  collab^ 
oration  with  IBM's  Thomas  J.  Watson  Research 
Center.  These  classes  of  devices  have  linewidths 
of  ~115  nm  and  span  many  fields  of  the  e-beam 
lithography  system.  They  require  field  stitching 
errors  of  ~1  nm  for  good  performance.  We  have 
achieved  stitching  errors  below  2  nm  and  have 
demonstrated  sub-nanometer  repeatability  for 
spatial-phase  locking,  initial  results  are  shown  in 
figures  2  through  4. 
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Stitching  Error  (Phase  Discontinuity) 
at  E*Baam  Field  Boundary 


Figure  2.  Measurement  of  the  spatial-phase  of  two  overlapped  gratings  as  a  function  of  distance  along  a  direction 
parallel  to  the  grating  lines,  as  depicted  in  inset.  Set  1  was  written  using  a  fiducial  grating  as  a  guide.  Then  the  stage 
was  moved  and  set  2  written,  again  using  the  fiducial  grating  as  a  guide.  Stitching  error  is  below  the  noise  level  (i.e.,  <2 
nm). 


Repeatability  of 

One-Dimensional  Spatial-Phase  Locking 


lOOr 


Figure  3.  Histogram  of  the  phase  difference  between  two  successive  frame  acquisitions  on  a  reference  fiducial  grating, 
corrected  for  stage  drift.  The  standard  deviation  value  of  0.3  nm  represents  the  repeatability  or  precision  of  spatial- 
phase  locking  in  1-D  for  our  experimental  conditions:  8  periods  of  the  200  nm  gold  reference  grating  per  viewing 
window;  100  pA  beam  current  at  50  kV;  a  p-n  diode  backscatter  detector. 


P 


63 


Chapter  4.  Nanostructures  Research 


Field - - 

boundaries 


Quarter-wave  shift 
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Figure  4.  Scanning-electron  micrograph  of  a  channel-dropping  filter  (CDF)  grating  (spatial  period  230  nm)  written  across 
four  scan  fields  of  the  e-beam  lithography  system.  The  gratings,  which  are  too  fine  to  be  seen  directly,  are  made  visible 
via  a  moir^  between  them  and  the  SEM  scan  raster.  The  fiducial  reference  (spatial  period  »  380  nm)  was  put  in  the 
substrate  in  advance.  The  quarter-wave  phase  step  is  clearly  visible  in  the  CDF  grating,  but  no  phase  errors  are  visible 
at  the  boundaries  of  the  four  scan  fields. 


4.4  X-Ray  Nanolithography 

Sponsors 
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Yang 

For  several  years,  we  have  been  developing  the 
tools  and  methods  of  x-ray  nanolithography  (i.e., 
sub-100  nm  features).  We  have  explored  its  the¬ 
oretical  and  practical  limitations,  and  endeavored  to 
make  its  various  components  (e.g.,  mask  making, 
resists,  electroplating,  sources,  alignment,  etc.)  reli¬ 
able  and  "user  friendly".  Because  of  the  critical 
importance  of  the  x-ray  mask  technology,  we 
discuss  this  in  a  separate  section  (4.5). 


Our  sources  for  x-ray  nanolithography  are  simple, 
low-cost  electron-bombardment  targets,  typically 
Cul  (A  =  1.32  nm),  separated  by  a  1.4  pm-thick 
SiN,  vacuum  windows  from  helium-filled  exposure 
chambers.  In  the  future  we  hope  to  replace  the  Cul 
sources  with  higher  flux  plasma-based  x-ray 
sources. 

For  most  applications  that  require  multiple  mask 
alignment,  we  currently  use  a  simple  microscope- 
based  system  which  provides  about  0.3  /rm  super¬ 
position  precision.  We  are  also  developing  (see 
section  4.6)  a  high  precision  mask  alignment 
system  that  should  provide  overlay  approaching  1 
nm. 

In  earlier  research,  we  showed  that  for  x-ray  wave¬ 
lengths  longer  than  -0.8  nm,  the  range  of  the 
photoelectron  emitted  when  an  x-ray  photon  is 
absorbed  in  resist  does  not  limit  the  resolution. 
Down  to  feature  sizes  ~20  nm,  diffraction  is  the 
major  concern.  By  means  of  accurate  electromag¬ 
netic  calculations,  taking  into  account  the  vectorial 
character  of  the  electromagnetic  field  and  the 
dielectric  properties  of  the  absorber,  we  have 
shown  that  when  source  spatial  coherence  is  opti¬ 
mized,  diffraction  does  not  limit  resolution  as 
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severely  as  had  been  predicted  by  simple  Fresnel 
diffraction  calculations. 


Proximity  Gap  vs.  Linewidth 


Minimum  linewidth  fnm) 


Figure  5.  Plot  of  maximum  mask-sample  gap,  G,  versus 
minimum  feature  size,  W,  for  two  values  of  the  parameter 
<x. 

Figure  5  plots  the  maximum  mask-to-sample  gap, 
G,  versus  minimum  feature  size,  W,  for  two  values 
of  the  parameter  a  which  connects  gap  and  feature 
size:  G  -  otW^/A.  Modeling  and  experiment  verify 
that  a  can  be  as  large  as  1 .5  while  retaining  good 
process  latitude. 

For  the  linewidth  range  from  70  to  20  nm,  mask- 
substrate  gaps  must  be  below  5  pm.  This  is  not  a 
problem  in  research  but  for  manufacturing  may  be 
unacceptable.  For  this  reason,  we  investigated  the 
feasibility  of  using  arrays  of  zone  plates  for 
projection  imaging  with  x-rays  of  either  4.5  nm  or 
~1.0  nm  wavelength. 


4.5  Improved  Mask  Technology  for 
X-Ray  Lithography 
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At  feature  sizes  of  100  nm  and  below,  the  mask-to- 
sample  gap,  G,  must  be  less  than  ~10  pm.  We 
have  developed  a  mask  configuration  compatible 
with  this  requirement  in  which  the  mask  membrane 
is  flat  to  <  250  nm.  We  continue  to  make  incre¬ 
mental  improvements  in  this  technology  aiming  at  a 
process  that  will  enable  x-ray  mask  blanks  to  be 
fabricated  almost  entirely  with  automated  1C  pro¬ 
cessing  equipment. 

Our  mask  technology  is  based  on  low-stress.  Si-rich 
silicon  nitride,  SiN«.  This  material  is  produced  in 
the  1C  Laboratory  at  MIT  in  a  vertical  LPCVD 
reactor.  The  resulting  films  are  clean  and  uniform, 
and  x-ray  mask  membranes  made  from  them  are 
extremely  robust.  They  can  be  cleaned  and  pro¬ 
cessed  in  conventional  stations.  Radiation 
hardness  remains  a  problem  at  dose  levels  corre¬ 
sponding  to  production  (i.e.,  millions  of  exposures) 
but  for  research  the  material  is  quite  suitable. 

For  absorber  patterns  we  use  both  gold,  Au,  and 
tungsten,  W.  Both  can  be  obtained  with  near-zero 
stress  (i.e.,  <  10^  MPa)  which  implies  that  pattern 
distortion  should  be  negligible  (i.e.,  <  1  nm).  The 
gold  is  electroplated  onto  the  membrane  after  resist 
exposure  and  development  using  a  specially 
designed  apparatus.  The  W  is  sputter  deposited 
and  patterned  by  reactive-ion  etching.  During 
sputter  deposition,  the  plasma  environment  leads  to 
a  nonuniform  temperature  distribution,  which,  in 
turn,  causes  nonuniform  stress.  In  order  to  ensure 
uniform  W  stress  over  an  entire  membrane,  a  He- 
backside  temperature  homogenization  apparatus 
was  constructed.  Heat  is  transferred  to  the  mem¬ 
brane  from  a  heated  aluminum  block  separated 
from  the  membrane  by  a  1  mm  gap.  Results  are 
shown  in  figure  6.  We  verify  the  achievement  of 
stress  <  10^  MPa  using  a  Linnik  interferometer 
equipped  with  a  CCD,  a  frame  grabber  and  special 
purf^se  software  that  averages  out-of-plane  deflec¬ 
tion  over  an  entire  frame. 
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Uniform.  Zero-  stress  W  via  He-  backside  Temperature 
Homogenization 


Edge  of  Membrane  Center  of  Membrane 


Figure  6.  Plot  of  out-of-plane  deflection  (left  ordinate)  and  stress  (right  ordinate)  versus  radial  position  for  300  nm-thick 
W,  sputter  deposited  at  200°C  onto  a  SiN,  x-ray  mask  membrane,  with  and  without  He  backside  temperature  homogeni¬ 
zation.  A  uniform  zero  stress  is  achieved  with  He,  whereas  stress  is  nonuniform  without  the  He. 


We  have  also  constructed  an  apparatus  that  makes 
precision  measurements  of  membrane  deflection  in 
response  to  gas  pressure  differential.  This  "bulge 
tester”  will  enable  us  to  make  non-destructive  mea¬ 
surements  of  absorber  stress  in  the  low  10*  MPa 
range. 

Patterning  of  x-ray  masks  is  done  by  holographic 
iithography  for  periodic  structures  but,  for  patterns 
of  arbitrary  geometry,  it  is  done  by  e-beam  lithog¬ 
raphy,  either  in  the  MIT  e-beam  facility  or  in  collab¬ 
oration  with  NRL  or  IBM.  We  use  CAD  tools  at  MIT 
and  convert  the  data  into  formats  compatible  with 
the  e-beam  exposure  systems.  Data  is  shipped  to 
NRL  or  IBM  by  electronic  maii.  After  e-beam  expo¬ 
sure,  masks  are  shipped  back  to  MIT  by  express 
mail  where  development  and  Au  electroplating  are 
carried  out.  This  collaboration  has  already  demon¬ 
strated  that  patterning  x-ray  masks  by  e-beam  can 
be  done  remotely,  and,  by  implication,  that  univer¬ 
sity  researchers  with  limited  facilities  can  have 
access  to  nanolithography  via  x-ray  alone  and  do 
not  need  to  own  or  even  visit  an  e-beam  lithog¬ 
raphy  facility.  Figure  7  shows  an  x-ray  mask  of  a 
coulomb-blockade  device  in  which  the  finest  line- 
width  in  the  200  nm-thick  electroplated  gold  is  40 
nm. 


For  patterning  x-ray  masks  with  W  absorber,  a 
reactive-ion-etching  process  is  required  which  puts 
considerable  power  into  the  membrane  substrate. 
Since  membranes  have  very  low  thermal  mass  and 
conductivity,  we  use  He-  backside  cooling  in  a  reac¬ 
tive  ion  etcher.  Membranes  can  be  cooled  to  below 
'20°C.  At  such  low  temperatures  the  isotropic 
etching  component  is  suppressed  leading  to  highly 
directional  etching. 


4.6  A  High  Precision  Mask  Aiignment 
System 
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Figure  7.  Scanning-electron  micrograph  of  an  x-ray  mask  of  a  coulomb-blockade  device  {so-called  "single-electron  tran¬ 
sistor")  in  which  the  tunnel-barrier  gate  is  only  40  nm  wide.  The  mask  pattern  was  written  by  scanning-electron-beam 
lithography  at  the  Naval  Research  Laboratory,  and  the  electroplating  to  200  nm  thickness  was  done  at  MIT. 


In  order  for  any  lithographic  technique  to  be  of  dard  deviation  of  6  nm  was  achieved.  The  goal  of 

general  utility,  a  compatible  alignment  technique  the  present  work  is  threefold;  first,  to  improve  the 

must  also  be  provided.  The  technique  must  be  superposition  precision  by  an  order  of  magnitude; 

capable  of  superposition  precision  that  is  a  small  second,  to  fully  automate  the  alignment  process; 

fraction  of  the  minimum  feature  size.  Previously,  and  third,  to  make  the  system  compatible  with 

we  demonstrated  a  new  scheme  for  aligning  x-ray  industrial  x-ray  lithography  sources  and  steppers, 

masks  to  substrates  that  was  based  on  the  principle  In  order  to  improve  the  superposition  precision,  a 

of  on-axis  interference  from  gratings  on  the  mask  new  alignment  mark  was  designed  that  consists  of 

and  substrate  that  differ  in  spatial  period  (e.g.,  pi  on  two  adjacent  gratings  on  the  mask  (p,  and  P2) 

mask,  P2  on  the  substrate).  The  interference  facing  two  complementary  gratings  on  the  substrate 

pattern  was  compared  in  spatial  phase  to  a  fixed  {p2  and  p,).  The  resulting  on-axis  interference 

fiducial  on  the  mask  using  a J^CD  camera  and  fre-  pattern  consists  of  two  sets  of  fringes  of  the  same 

quency  domain  image  analy&s.  An  alignment  stan-  spatial  period  which  move  in  opposite  directions. 
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By  matching  them  in  spatial  phase,  one  achieves  sition  precision  below  1  nm  can  be  achieved, 

alignment.  We  believe  that  in  conjunction  with  a  Figure  8  illustrates  the  basic  principle. 

CCD  and  appropriate  image  processing,  a  superpo- 


Pi 


Mask  Mark  (a) 


Wafer  Mark 


Interference  Pattern 


(b) 


Figure  8.  Alignment  marks  containing  a  (pi,  pz)  pair  for  X  alignment  and  a  (pi,  pz)  pair  for  Y  alignment,  (a)  Marks  for 
mask  and  substrate,  (b)  Depiction  of  interference  pattern  that  would  be  obtained  when  mask  and  substrate  are  aligned 
in  both  X  and  Y. 


A  new  X,  Y,  Z,  d  stage  is  being  constructed  which 
incorporates  high-resolution  closed-loop  drives  and 
piezos  with  sub-nanometer  repeatability.  A  wide 
variety  of  masks  and  wafers  can  be  accommo¬ 
dated,  including  the  NIST  and  MIT  mask  standards, 
as  well  as  small  substrates  and  eight  inch  wafers. 
An  automatic  image  acquisition  and  alignment  algo¬ 


rithm  has  been  written  which  compares  the  spatial- 
phases  of  an  on-axis  interference  pattern  in  about 
200  msec.  These  improvements  will  be  incorpo¬ 
rated  in  a  system  configuration,  shown  in  figure  9, 
which  is  consistent  with  those  under  development  in 
industry. 
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Figure  9.  Schematic  of  optical  configuration  far  on-axis  interferometric  alignment  system. 


4.7  Optimization  of  Synchrotron-Based 
X-ray  Lithography 
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There  are  two  approaches  to  high  ilux  x-ray 
sources  for  commercial  x-ray  lithography:  hot, 
dense  plasmas,  generated  either  by  lasers  or  elec¬ 
trical  discharges;  and  synchrotrons.  Traditionally, 


the  former  have  operated  around  A  =  1.4  nm  and 
the  latter  below  A  =  1  nm,  with  a  substantial  frac¬ 
tion  of  the  absorbed  power  beiow  the  Si  K  edge  at 
0.7  nm.  Operation  at  the  shorter  wavelengths  dic¬ 
tates  thicker  absorber  (-0.6  fim)  which  becomes  a 
difficult  task  at  100  nm  linewidths.  Our  analysis 
indicates  that  the  peak  of  the  synchrotron  spectrum 
absorbed  by  resist  can  be  shifted  to  1  nm  or  even 
longer  without  loss  of  exposure  efficiency.  This  is 
illustrated  in  figure  10.  Such  a  shift  would  greatly 
simplify  the  mask-making  task.  However,  to 
accomplish  this  the  25  ^m-thick  Be  vacuum  window 
currently  used  in  synchrotrons  must  be  replaced  by 
a  -2  ^m-thick  Si  window.  We  have  demonstrated 
that  SiNx  membranes  this  thick  can  withstand  a 
pressure  differential  of  one  atmosphere.  We  are 
currently  testing  various  versions  of  elliptical  (2.5  x 
55  nm)  windows  as  possible  vacuum  windows  for 
synchrotrons. 
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Figure  10.  Comparison  of  the  current  Helios  synchrotron 
spectrum  (A)  with  four  alternative  spectra  achieved  by 
use  of  a  2  /jm-thick  Si  vacuum  window  and  modification 
of  either  the  beam  energy  or  the  beam-line  mirror  angle. 
By  shifting  the  peak  to  longer  wavelength,  spectra  6,  C, 
D,  and  E  require  thinner  mask  absorber  and  increase  the 
x-ray  power  absorbed  in  the  resist.  Spectrum  E  is  pre- 
ferr^. 


4.8  Achromatic  Holographic 
Lithography 
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Holographic  schemes  are  preferred  for  the  fabri¬ 
cation  of  periodic  and  quasi-periodic  patterns  that 
must  be  spatially  coherent  over  large  areas,  and 
free  of  phase  steps.  For  spatial  periods  below  200 
nm,  light  sources  with  wavelengths  below  200  nm 


must  be  used.  All  such  sources  have  limited 
temporal  coherence,  and  thus  one  is  forced  to 
employ  an  achromatic  scheme,  such  as  shown  in 
figure  11.  In  order  to  make  the  apparatus  more 
reliable,  the  depth-of-focus  had  to  be  increased.  To 
this  end,  we  introduced  a  collimating  lens  and  a  slit 
scanning  system.  We  have  also  incorporated  a 
white-light  interferometer  that  utilizes  optical  paths 
through  the  quartz  plates  that  closely  approximate 
the  paths  of  the  exposing  beams.  A  photodetector 
and  lock-in  amplifier  (figure  1 2)  are  used  to  find  the 
optimum  sample  position.  With  the  substrate  to  be 
exposed  in  place,  the  white  light  interferometer 
ensures  maximum  fringe  contrast  during  exposure 
with  the  193  nm  deep-UV  radiation.  Using  these 
improvements,  we  can  reliably  expose  100  nm- 
period  gratings  over  areas  of  more  than  2  cm^.  We 
plan  to  use  this  system  to  fabricate  100  nm-period 
x-ray  masks  and  free-standing  gratings  for  He  atom 
interferometry.  We  also  plan  to  take  the  technique 
one  step  further  to  50  nm  periods  (25  nm  lines  and 
spaces)  using  a  1 3  nm  undulator  as  a  source. 


4.9  Ion  Beam  Lithography 
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Focused-ion-beam  (FIB)  systems  are  potentially 
useful  as  nanolithography  tools  because  of  the  near 
absence  of  backscattering,  which  is  a  significant 
problem  in  electron-beam  lithography,  especially  on 
high-atomic-number  substrates.  We  currently  work 
with  Be**  ions  and  have  demonstrated  50  nm  lines 
and  spaces.  The  FIB  system  is  being  modified  to 
accept  an  improved  Be  alloy  source.  We  will 
explore  the  feasibility  of  combining  spatial-phase¬ 
locking  with  FIB  lithography.  This  could  prove  to  be 
the  superior  technology  for  making  x-ray 
nanolithography  masks  based  on  W  absorbers. 
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ArF  laser  beam 

(1=193  nm) .  micrometer 


sin0  =  A/(nP), 
A  =  A/(2n  sln0) 
A  =  P/2 


Figure  11.  Achromatic-holographic  lithography  (AHL)  configuration  in  which  the  separation  between  the  substrate  and 
the  second  phase  grating  is  controlled  by  a  piezoelectric  micrometer. 


Detection  Scheme  for 
White-light  Interferometer 


^Lock-In  AmplHlor 

j  Sine  wave  Qeneretor 

^HlghVMtage 

Ampiniar 


Figure  12.  Schematic  of  white-light  interferometer  used  to  match  optical  path  lengths  in  the  AHL  configuration.  A 
collimated  white-light  beam  is  split  into  two  paths  and  recombined  to  interfere  at  a  photodiode.  An  interference  peak, 
detected  via  a  lock  in  amplifier,  indicates  a  matching  of  path  lengths  and  hence  maximum  image  contrast  in  the  AHL 
configuration. 
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Figure  13.  Schematic  of  0.1  pm  channel-length  self-aligned  NMOSFET. 


We  have  fabricated  sub-0.1  pm  N-channel 
MOSFET  devices  using  x-ray  lithography. 
Extremely  well-controlled  short-channel  effects  were 
achieved  through  appropriate  channel  and 
source/drain  engineering. 

Figure  13  shows  the  device  schematic.  The 
retrograde  channel  doping  profile  was  accomplished 
using  shallow  indium  and  deep  boron  implants. 
The  source/drain  halo  extensions  were  formed 
using  a  low  energy  arsenic  implant  with  indium  pre- 
amorphization  arid  counter-do^ng.  The  seif-aligned 
polysilicon  gates  were  fabricated  using  x-ray 
nanolithograj^y  and  an  anisotropic  etching  process. 
The  aligned,  microgap  x-ray  exposures  were  carried 
out  using  mesa-etched  SiNx  x-ray  masks  with  Au 
absorber  pattern.  The  original  (mother)  mask  pat¬ 
terns  were  written  at  the  NRL  by  e-beam  lithog- 


2  Naval  Researcfi  Laboratory,  Wasfilnglon,  OC. 


4.10  High  Performance  Self-aligned 
Sub-100  nm  MOSFETs  Using  X-ray 
Lithography 
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raphy,  and  then  several  duplicates  (daughters)  were 
made  using  x-ray  lithography.  We  have  character¬ 
ized  the  chemicaily  amplified  resist  SAL-601  and 
developed  a  process  which  allowed  us  to  achieve 
the  minimum  linewidths  with  control  and  a  large 
process  latitude.  This  involved  optimization  of  the 
post  exposure  bake  time  and  temperature.  We 
found  that  with  a  post-exposure  temperature  of 
110°C  and  a  post-exposure  baking  time  of  40 
seconds,  minimum  linewidths  of  approximately  100 
nm  were  obtained.  To  eliminate  "skin'*  formation  on 
top  of  the  SAL-601,  a  thin  (200-250  nm)  layer  of 
polyvinyl  alcohol  (PVA,  which  is  water  soluble)  was 
spun  on  top  of  the  resist.  The  resist  served  as  a 
mask  for  etching  a  thin  LTO  layer  which,  in  turn, 
acted  as  a  hard  mask  for  the  selective  anisotropic 
etching  of  polysilicon  using  Cl 2  plasma.  Figure  14 
shows  the  self-aligned  SAL-601 /LTO.  Figure  15 
shows  a  poiysilicon  gate  defined  by  x-ray  lithog¬ 
raphy  and  Cl 2  plasma  etching. 

Figure  16  shows  the  l-V  characteristics  of  a 
sub-0. 1/im  nMOSFET  with  Lf«  of  850  nm  and  5.3 
nm  gate  oxide.  This  device  has  a  current  drive  of 
0.74  nA/pm  and  a  saturated  transconductance  of 
500  nS/mm  at  2.0  V  power  supply  with  a  threshold 
voltage  of  0.36  V  and  a  sub-threshold  slope  of  88.1 
mV/dec.  This  indicates  that  these  0.1pm  MOSFET 
devices  fabricated  by  x-ray  lithography  exceed  the 
performance  of  the  current  state-of-the-art  0.1pm 
MOSFET  devices  produced  by  e-beam  lithography. 


4.1 1  Fabrication  of  T-gate  Devices 
Using  X-ray  Lithography 
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Monolithic  microwave  integrated  circuits  (MMICs) 
have  potential  applications  in  automobile  navigation, 
collision-avoidance,  and  personal  wireless  commu¬ 
nication  systems.  High-speed  MODFET  devices 
require  very  short  g'^te  lengths,  while  preserving 
low  resistance.  Large  gate  widths  are  r^uired  for 
high  current  drive.  To  meet  these  conflicting 


demands,  researchers  have  developed  so-called 
"T-gate"  and  "gamma-gate"  processes  in  which  the 
base  of  the  gate  is  very  short  (~100  nm)  while  the 
upper  part  is  large  and  overlaps  the  short  base, 
similar  to  a  mushroom,  or  the  letters  T  or  G.  Such 
structures  are  readily  achieved  using  direct-write 
electron-beam  lithography  (EBL).  However,  this 
technology  is  expensive,  slow,  and  unlikely  to  meet 
future  production  volume  needs.  For  these 
reasons,  we  developed  a  process  for  fabricating 
T-gates  usir^  x-ray  lithography.  Initial  results  were 
obtained  using  tri-layer  PMMA.  The  three  layers 
consisted  of  a  bottom  one  of  950K  PMMA,  a  middle 
layer  of  PMMA/MAA  (the  co-polymer  of  PMMA), 
and  an  upper  layer  of  496K  PMMA.  These  three 
resists  have  different  x-ray  sensitivities.  Exper¬ 
imental  results  are  shown  in  figures  17  and  18. 


H  N — 

0.08  urn 


Figure  14.  Patterning  for  MOSFET  gate  with  x-ray 
lithography  exposure  of  chemically-amplified  resist 
SAL-601  and  RIE  of  low-temperature  oxide  using  CHF,. 
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Polysilicon  Gate 
120  nm 


Figure  15.  Scanning-electron  micrograph  of  high  performance  0.1  pm  NMOSFET. 


Figure  16.  I-V  characteristics  of  a  85  nm-channel-length 
NMOSFET.  The  saturated  Gm  is  500  mS/mm. 


Only  one  alignment,  one  exposure,  and  one  devel¬ 
opment  are  required.  However,  the  process  latitude 
is  narrow,  and  the  process  may  not  be  suitable  for 
manufacturing. 

In  order  to  enhance  the  process  latitude,  we  are 
pursuing  a  bi-layer  process  that  utilizes  high- 
sensitivity  chemically  amplified  resists.  This 
process  has  the  flexibility  that  arises  from  two  sepa¬ 
rate  alignments,  exposures,  and  developments. 

ITiere  are  a  number  of  interesting  directions  that 
may  be  followed  once  a  high  latitude  process  is 
established.  For  manufacturable  MMIC  systems, 
both  MESFETs  and  HEMTs  are  required  for  low- 
noise  and  power  applications.  Initially,  relatively 
simple  GaAs  MESFETs  will  be  studied,  followed  by 
GaAs  and  InP  HEMTs  of  varying  degrees  of  com¬ 
plexity.  Further  studies  could  include  low- 
temperature-grown  GaAs  MESFETs  for  high 
breakdown  voltages,  self-aligned  devices,  or  gate 
materials  other  than  Au,  such  as  W. 
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Figure  17.  Scanning  electron  micrograph  showing  the  resist  profile  cross-section  for  a  120  nm  T-gate. 
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250nm 

Figure  18.  Scanning  electron  micrograph  of  a  250  nm  T-gate  (Ti/Au)  after  lift-off.'t 

4.12  Studies  of  Coulomb  Charging  Project  Staff 

Effects  and  Tunneling  in  Semiconductor  Professor  Dimitri  a.  Antoniadis,  Martin  Burkhardt, 
Nanostructures  David  J.  Carter,  Arvind  Kumar,  Professor  Michael 

R.  Melloch,^  Professor  Terry  P.  Orlando,  Professor 
Sponsors  Henry  I.  Smith 

Quantum-effect  devices,  whose  minimum  feature 
sizes  are  comparable  to  the  Fermi  wavelength 
(about  50  nm  in  a  typical  inversion  layer),  have 
promising  potential  in  novel  electronics  applications. 
Quantum-dot  devices  have  drawn  particular  atten¬ 
tion.  In  such  devices  an  electron  gas  is  confined 
electrostatically  in  all  three  dimensions,  forming  a 


3  Purdue  University,  West  Lafayette.  Indiana. 
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small  ''island"  of  electrons  ~100  nm,  bounded  on  all 
sides  by  potential  walls.  This  small  electron 
"island”  resembles  an  atom  in  that  there  can  be 
only  an  integer  number  of  electrons,  and  these 
electrons  can  occupy  only  certain  discrete  energy 
levels.  The  conductance  of  the  dot,  when  con¬ 
nected  to  leads  through  tunneling  barriers,  exhibits 
strong  oscillations  as  the  voltage  of  the  gate  is 
varied.  Each  successive  conductance  maximum 
corresponds  to  the  discrete  addition  of  a  single 
electron  to  the  dot.  At  temperature  in  the  mK 
range,  the  conductance  decreases  by  orders  of 
magnitude  in  between  adjacent  conductance 
maxima  because  there  is  a  large  energy  cost  for  an 
electron  in  the  lead  to  enter  the  dot.  This  energy 
cost  can  be  removed  by  changing  the  gate  voltage, 
resulting  in  the  observed  periodic  dependence  of 
the  conductance  on  gate  voltage. 

A  variety  of  tunneling  devices  were  fabricated  using 
x-ray  nanolithography  and  measured  at  cryogenic 
temperatures.  The  devices  were  fabricated  on 
modulation  doped  AIGaAs/GaAs  substrates.  After 
mesa  etch  and  deposition  of  ohmic  contacts,  x-ray 
nanolithography  was  used  to  put  down  the  gate 
patterns.  A  typical  fabrication  sequence  for  the 
gate  level  of  a  device  design  is  shown  in  figure  19. 
After  the  fabrication  of  the  mother  mask  using 
e-beam  lithography  and  electroplating,  a  daughter 
mask  is  made  using  x-ray  lithography  at  a  gap 
between  mother  and  daughter  mask  of  about  1.5 
pm  (figure  19b).  As  an  x-ray  source  we  use  an 


electron  bombarded  copper  target  emitting  Cul 
x-rays  (A  «  1.3  nm).  The  daughter  mask  is  then 
used  to  expose  device  patterns  on  appropriate 
semiconductor  substrates,  as  illustrated.  For  the 
gates,  aluminum  was  evaporated  to  a  thickness  of 
120  nm  and  lifted  off.  The  ability  of  x-ray  lithog¬ 
raphy  to  expose  vertical  profiles  in  thick  resists 
ensures  easy  liftoff  and  simplifies  device  processing 
because  only  one  gate  metalization  is  needed. 

A  novel  type  of  quantum  dot  device,  featuring 
control  over  the  shape  of  the  quantum  dot,  was 
also  fabricated  using  x-ray  nanolithography.  The 
device  consists  of  four  consecutive  quantum  point 
contacts  which  can  be  controlled  independently.  A 
quantum  dot  is  produced  by  biasing  two  pairs  of 
quantum  point  contacts  below  the  first  subband. 
This  allows  only  tunneling  into  the  out  of  the  dot  to 
take  place.  The  remaining  gates  can  then  be  used 
to  sweep  the  electrochemical  potential  within  the 
dot.  The  size  of  the  quantum  dot  can  be  adjusted 
up  to  a  size  of  600  nm  by  biasing  the  two  outer¬ 
most  quantum  point  contacts  below  the  first 
subband.  A  micrograph  of  the  fabricated  device  is 
shown  in  figure  20.  The  device  was  measured  in 
an  Oxford  Instruments  300  mK  probe.  Strong 
Coulomb  blockade  oscillations  were  observed  for 
several  Coulomb  dot  sizes  at  a  temperature  of  310 
mK.  Figure  21  shows  a  typical  plot  of  conductance 
versus  gate  voltage  for  a  quantum  dot  defined  by 
the  two  outermost  pairs  of  quantum  point  contacts. 


mother  mask  daughter  mask  device 


MB940222.01 


Figure  19.  Fabrication  sequence  of  tunnel  devices  using  x-ray  nanolithography;  (a)  mother  mask;  (b)  daughter  mask; 
(c)  finished  device. 
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A 


MB040222.02 

Figure  20.  SEM  micrograph  of  the  variable  sized  quantum  dot. 


Figure  21.  Plot  of  conductance  versus  gate  voltage  for  a  quantum  dot  defined  by  Ote  two  outermost  pairs  of  quantum 
point  contacts. 
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4.13  Dual  Electron  Waveguide  Device 
Fabricated  Using  X-ray  Lithography 

Sponsors 

Advanced  Research  Projects  Agency/ 

Naval  Air  Systems  Command 
Contract  N00019-92-K-0021 
National  Science  Foundation 
Grant  DMR  87-19217 
Grant  OMR  90-22933 

Project  Staff 

Professor  Jesus  A.  del  Alamo,  William  Chu, 
Christopher  C.  Eugster,  Professor  Henry  I.  Smith 

Oual-electron-waveguide  devices  were  fabricated 
using  x-ray  nanolithography.  An  electron  wave¬ 
guide  is  essentially  a  one-dimensional  channel  in 
which  eiectrons  travel  without  scattering.  In  our 
device,  two  such  channels  are  electrostatically 
formed  in  close  proximity  to  one  another  by 
depleting  those  electrons  in  an  AIGaAs/GaAs 
modulation-doped  heterostructure  which  reside 
underneath  the  gates.  The  x-ray  mask  used  in  the 
fabrication  process  was  patterned  using  50  keV 
e-beam  lithography  at  the  Naval  Research  Labora¬ 
tory.  After  replicating  this  mask  to  change  its 
polarity  (using  x-ray  lithography),  we  align  the 
daughter  mask  to  the  AIGaAs/GaAs  sample  and 
expose  using  x-ray  nanolithography. 

In  an  electron  waveguide,  much  like  in  an  optical 
waveguide,  discrete  transverse  modes  arise  due  to 
lateral  confinement.  The  conductance  of  each 
waveguide  mode  is  equal  to  a  fundamental  con¬ 
stant  2eVh.  This  results  from  the  cancellation  of 
the  energy  dependence  in  the  product  of  the  ID 
density  of  states  and  the  electron  velocity.  Figures 
22  and  23  show  the  results  of  testing  the  dual  elec¬ 
tron  waveguides  at  1 .6K. 

4.14  Novel  Mesoscopic 
Superconducting  Devices 

Sponsor 

Joint  Senrices  Electronics  Program 
Contract  DAAL03-92-C-0001 


Project  Staff 

Professor  Dimitri  A.  Antoniadis,  David  J.  Carter, 
James  J.  Hugunin,  Professor  Terry  P.  Orlando,  Pro¬ 
fessor  Henry  I.  Smith 

Superconducting  integrated  circuits  have  demon¬ 
strated  fast  switching  speeds,  low  power  dissipa¬ 
tion,  and  low-loss  wiring  to  distant  devices.  One  of 
the  hurdies  between  these  devices  and  a  practical 
technology  is  the  lack  of  a  useful  three-terminal 
device.  We  are  currently  addressing  that  problem 
with  the  examination  of  several  forms  of  supercon¬ 
ducting  FETs  on  both  Si/Si02  and  GaAs/AIGaAs. 
By  exploiting  the  quantum  interference  effects  found 
in  very  short  channel  devices  (<100  nm),  we 
believe  it  will  be  possible  to  produce  three-terminal 
superconducting  devices  with  gains  greater  than 
unity. 

In  addition  to  the  promise  of  a  practical  technology, 
these  devices  can  be  used  to  investigate  several 
interesting  questions  in  mesoscopic  physics.  In 
particular,  we  are  interested  in  the  interaction 
between  the  macroscopic  quantum  states  in  the 
superconductor  and  the  mesoscopic  quantum 
states  available  in  traditional  quantum-effect 
devices.  By  exploiting  our  experience  with  quantum 
dots  and  quantum  point  contacts  on  both  Si/SiOz 
and  GaAs/AIGaAs,  we  hope  to  study  the  unique 
effects  predicted  for  these  structures  with  supercon¬ 
ducting  contacts.  These  include  quantization  of  the 
superconducting  critical  current,  supercurrent 
carried  by  resonance  states,  and  others. 


4.15  Channel-Dropping  Filters 
Fabricated  Using  X-ray  Lithography 

Sponsors 

Joint  Services  Electronics  Program 
Contract  DAAL03-92-C-0001 
U.S.  Army  Research  Office 
Grant  DAAL93-92-G-0291 

Project  Staff 

James  M.  Carter,  Jay  N.  Damask,  Juan  Ferrera, 
Professor  Hermann  A.  Haus,  Professor  Leslie  A. 
Kolodziejski,  Euclid  E.  Moon,  Professor  Henry  I. 
Smith,  Vincent  V.  Wong 
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Dual  Electron-Waveguide  Device 


FIgura  22.  Plot  of  conductance  versus  split-gate  voltage  (proportional  to  waveguide  width)  for  each  of  two  waveguides, 
as  illustrated.  Note  that  conductance  is  approximately  quantized  in  steps  of  2e^/h. 
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Family  of  Quantized  Conductance  Steps, 
Revealing  Location  of  Impurity 

^  T  =  1.6K 


Figure  23.  Plot  of  conductance  versus  bottom  gate  voltage  for  several  values  of  the  middle  gate  bias,  which  has  the 
effect  of  shifting  the  location  of  the  conducting  channel.  Perturbations  of  the  conductance  steps  reveal  the  location  of  an 
inpurity  in  the  gap  between  gates. 
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Channel-dropping  filters  (CDFs)  are  novel  optoelec¬ 
tronic  devices  which  are  promising  candidates  for 
future  waveiength-division-multiplexed  optical  com¬ 
munication  systems.  Figure  24  shows  a  schematic 
of  a  CDF.  The  device  operation  relies  on  the 
frequency-selective  nature  of  the  quarterwave- 
shifted  (QWS)  grating  structure,  commonly  used  to 
improve  longitudinal  mode  control  in  distributed 
feedback  (DFB)  lasers.  Such  QWS-DFB  structures 
can  interact  with  optical  signals  in  such  a  way  as  to 
selectively  transmit,  reflect  or  detect  the  signals 
(i.e.,  wavelengths)  that  are  resonant  with  the  stnic- 
ture.  We  work  with  two  material  systems  for  the 
optical  waveguides;  InGaAsP/lnP  and  silica-on- 
silicon.  For  such  material  systems  the  necessary 
grating  lengths  can  span  over  1  mm  and  the  grating 
periods  are  -240  nm  and  ~500  nm  for  InGaAsP/lnP 
and  silica-on-silicon,  respectively.  Furthermore,  the 


grating  lines  must  be  spatially-coherent  to  within 
Ao/150  over  the  entire  span  to  reduce  linewkjth 
broadening  and  spectral  offsets  from  the  desired 
resonance,  and  to  avoid  spurious  responses  in  the 
filter  spectrum.  Recently,  we  have  developed  a 
new  technique  called  spatial-phase-locked  e-beam 
lithography  (SPLEBL)  which  has  demonstrated  an 
interfield  phase-locking  precision  standard  deviation 
of  (T  =  0.35  nm.  Figure  4  of  section  4.3  shows  an 
e-beam-written  QWS-DFB  grating  with  a  period  of 
Afl  =  230  nm.  The  continuity  of  the  moir§  pattern 
across  the  field  boundaries  indicates  no  discernibie 
stitching  error,  while  the  rr-phase  shift  at  the  QWS 
boundary  (field  3)  indicates  a  true  A/4  phase  step. 
Using  SPLEBL  x-ray  masks  have  been  written  with 
several  QWS-DFB  gratings  of  various  lengths  and 
periods. 


We  are  also  utilizing  a  novel  on-axis  interferometric 
alignment  scheme  to  obtain  sub-0.1  alignment 
of  the  QWS-DFB  grating  (x-ray  level)  to  the  rib 
waveguides  (optical  level).  Such  accuracy  is  nec¬ 
essary  to  minimize  the  resonant  effect  of  the 


QWS-DFB  grating  on  the  unloaded  waveguide,  or 
optical  bus.  X-ray  lithography  and  reactive-ion¬ 
etching  in  CHF3  is  then  used  to  transfer  the 
QWS-DFB  gratings  into  the  rib  waveguide. 
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4.16  Ridge-Grating 

Distribut^-Feedback  Lasers  Fabricated 
by  X-ray  Lithography 

Sponsors 
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Project  Staff 
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Professor  Ciifton  G.  Fonstad,  Jr.,  Professor  Henry  I. 
Smith,  Vincent  V.  Wong 


Distributed-feedback  lasers  are  essential  compo¬ 
nents  in  optical  communications  systems  because 
they  operate  in  a  single-longitudinal-mode  and  are 
easily  integrable  with  electronic  drive  circuitry.  In 
the  fabrication  of  a  typical  DFB  laser,  an  epitaxial 
regrowth  step  is  carri^  out  on  top  of  the  grating, 
which  can  be  yield-limiting.  In  particular,  because 
of  etch  back  the  coupling  constant  after  epi-growth 
can  be  difficult  to  predict.  We  are  developing  a 
novel  DFB  laser  structure  in  which  gratings  are 
etched  on  either  side  of  a  ridge  waveguide,  as 
shown  in  figure  25.  This  structure  eliminates  the 
need  for  regrowth  and  maximizes  the  utility  of  ridge- 
waveguide  devices,  which  are  relatively  simple  to 
fabricate.  The  structure  also  decouples  materials 
growth,  waveguide  fabrication  and  grating  fabri¬ 
cation,  which  shouid  increase  device  yield. 


Ridge-Grating  DFB  Laser 


Figure  25.  Schematic  of  novel  DFB  laser  structure. 


To  realize  such  a  device  structure,  we  have  devel¬ 
oped  a  fabrication  process  that  utilizes  x-ray  lithog¬ 
raphy  for  the  grating  fabrication  because  it  offers 
good  process  latitude,  high  throughput,  long-range 
spatial-phase  fidelity  in  the  gratings,  and  iarge 
depth-of-focus.  After  the  epitaxiai  growth  of  a  com¬ 
plete  InGaAIAs  graded-index,  separate-con¬ 
finement,  multi-quantum-weil-layer  diode  structure. 


by  moiecular-beam  epitaxy  on  an  InP  substrate,  a 
3-4  ^m-wide  ridge  waveguide  is  formed  by  CH^/Ha 
reactive-ion-etching  (RIE).  A  first-order  grating  with 
a  period  of  230  nm  for  the  target  lasing  waveiength 
of  1 .55  pm  is  then  patterned  in  PMMA  using  x-ray 
nanolithography,  as  shown  in  figure  26.  The  x-ray 
mask  is  patterned  using  holographic  lithography, 
which  guarantees  excellent  uniformity  and  iong- 
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range  spatial-phase  coherence  in  the  grating,  fol¬ 
lowed  by  gold  electroplating. 


Figure  26.  Pattern  for  DFB  laser  grating  exposed  using  x-ray  lithography  (A  >  230  nm).  RkJge  height  is  1 .0  pm. 


Reactive-ion  etching  (RIE)  in  CHFs  is  used  to  maximizes  the  coupling.  Figure  3b  shows  the  same 

transfer  the  grating  pattern  from  PMMA  into  an  InP  grating  in  cross-section.  Optical  feedback 

oxide  hard  mask,  and  subsequent  RIE  in  CH4/H2  is  occurs  via  interaction  of  the  lateral  fields  with  the 

used  to  transfer  the  grating  into  both  sides  of  the  grating.  Holographic  lithography  could  not  be  used 

ridge  waveguide.  Figure  27  shows  an  etched  InP  directly  for  the  grating  exposure  because  of  trouble- 

grating  of  250  nm  depth  next  to  a  ridge  waveguide  some  coherent  reflections  from  the  ridge  topog- 

of  1  pm  height.  As  shown,  the  etched  gratings  are  raphy. 

immediately  adjacent  to  the  ridge  skfewalf,  which 
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Figure  27.  DFB  laser  grating  etched  into  either  side  of  ridge  waveguide  in  InP  using  RIE.  (A  =  230  nm.  Etch 

depth  =  250  nm). 


For  advanced  optical  communication  systems  (e.g., 
those  implementing  wavelength-division  multi¬ 
plexing)  quarter-wave-shifted  DFB  lasers,  hundreds 
of  microns  in  length,  are  necessary.  This  will 
require  x-ray  masks  made  by  e-beam  lithography 
that  are  free  of  distortion  and  stitching  errors.  As 
described  in  section  4.3  we  are  pursuing  a  new 
technique  called  spatial-phase-locked  e-beam 
lithography  that  we  believe  will  solve  the  problems 
of  distortion  and  stitching  errors. 


4.17  Fabrication  of  Sub-micron  MSM 
Photodiodes  by  X-ray  Lithography 

Sponsor 
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Project  Staff 

Professor  Jesus  A.  del  Alamo,  Akbar  A.  Mooiji,  Pro¬ 
fessor  Henry  I.  Smith 

Over  the  last  few  years,  planar  InGaAs-InP-based 
metal-semiconductor-metal  (MSM)  photodetectors 
have  attracted  considerable  interest.  Among  other 
advantages,  their  ease  of  fabrication,  high  speeds 
and  their  compatibility  with  field-effect  transistors 
are  key  features  that  make  these  devices  good  can¬ 
didates  for  long  wavelength,  integrated  optical  com¬ 
munication  systems. 


Figure  28.  Schematic  cross  section  of  a  standard  MSM 
photodetector. 


Figure  28  is  a  schematic  cross  section  of  the 
generic  MSM  photodetector.  Work  done  in  the  past 
on  these  devices  has  shown  this  particular  combi¬ 
nation  of  layers  to  be  the  one  that  optimizes  the 
operation  of  the  detectors  for  long  wavelengths. 
The  electrode  fingers  (marked  alternately  +  and  -) 
act  as  collectors  for  carriers  that  are  generated 
when  infra-red  radiation  impinges  on  the  active 
areas  between  them.  The  barrier  enhancement 
layer  (50  nm  InAIAs),  directly  below  these  fingers, 
serves  to  enhance  the  Schottky  barrier  height  of  the 
contact.  Since  InGaAs  itself  fails  to  form  a  good 
Schottky  contact,  the  insertion  of  this  thin,  high 
bandgap  layer  is  a  necessity  that  helps  suppress 
the  deleterious  dark  current  in  these  devices.  The 
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300  nm  InAIAs  buffer  layer  that  lies  between  the 
active  InGaAs  and  the  semi-insulating  InP  layers,  is 
the  most  recent  addition  to  the  MSM  structure.  Its 
presence  has  been  shown  to  reduce  the  parasitic 
capacitance  of  the  structure  over  the  100  MHz  -  1 
GHz  range,  hence  improving  the  RC-limited  band¬ 
width  of  the  device  substantially. 

The  main  bottleneck  for  the  detector  bandwidth, 
however,  arises  from  the  transit  time  of  the  carriers 
in  the  region  between  the  electrode  fingers.  It  is 
natural  to  expect  that  this  limitation  can  be  over¬ 
come  by  reducing  finger  spacing.  Detectors  with 
finger  spacings  down  to  0.5  urn  have  already  been 
reported  in  the  literature.  Our  efforts  are  now 
geared  towards  pushing  this  limit  even  further.  The 
current  work  is  an  extension  of  an  earlier  effort, 
made  about  two  years  ago  at  MIT,  which  yielded 
good  working  devices  with  a  bandwidth  of  about  6 
GHz.  The  smallest  finger  spacing  that  was 
achieved  then  was  about  1  Using  otherwise 
the  same  fabrication  process,  we  will  now  pattern 
the  fingers  by  x-ray  nanolithography.  This  will  allow 
us  to  scale  the  finger  spacings  down  to  almost  50 
nm.  Furthermore,  the  broad  process  latitude  that 
x-ray  nanolithography  provides  should  result  in  a 
higher  yield  of  good  working  devices.  More  impor¬ 
tantly,  from  a  long-range  perspective,  the  large 
depth-of-focus  associated  with  this  technology  will 
permit  us  to  simultaneousiy  fabricate  sub-micron 
size  gates  for  FETs  that  may  then  be  integrated 
with  these  detectors. 

As  long  as  the  device  parasitics  are  not  allowed  to 
dominate,  and  the  detectors  can  operate  in  the 
transit-time  limited  mode,  our  efforts  should  result  in 
structures  with  greatly  improved  frequency 
responses. 


4.18  Submicrometer-Period 
Transmission  Gratings  for  X-ray  and 
Atom-Beam  Spectroscopy  and 
interferometry 
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Transmission  gratings  with  periods  of  100-1000  nm 
are  finding  increasing  utility  in  applications  such  as 
x-ray,  vacuum-ultraviolet,  and  atom-beam  spectros¬ 
copy  and  interferometry.  Over  20  laboratories 
around  the  world  depend  on  MIT-supplied  gratings 
in  their  work.  For  x-ray  and  VUV  spectroscopy, 
gratings  are  made  of  gokJ  and  have  periods  of 
100-1000  nm  and  thicknesses  ranging  from 
100-1000  nm.  They  are  most  commonly  used  for 
spectroscopy  of  the  x-ray  emission  from  high- 
temperature  plasmas.  Transmission  gratings  are 
supported  on  thin  (1  mm)  polyimkJe  membranes  or 
made  self  supporting  (Iree  standing")  by  the  addi¬ 
tion  of  crossing  struts  (mesh).  (For  short  x-ray 
waveiengths  membrane  support  is  desired,  while  for 
the  long  wavelengths  a  mesh  support  is  preferred  in 
order  to  increase  efficiency.)  Fabrication  is  per¬ 
formed  by  holographic  lithography,  reactive-ion 
etching  and  electroplating.  Progress  in  this  area 
tends  to  focus  on  improving  the  yield  and  flexibility 
of  the  fabrication  procedures. 

Another  application  is  the  diffraction  of  neutrai  atom 
beams  by  mesh  supported  gratings.  Lithographic 
(holographic  and  UV  proximity)  and  etching  proce¬ 
dures  have  been  developed  for  fabricating  free¬ 
standing  gratings  in  thin  silicon  nitride  SiN, 
supported  in  a  Si  frame.  Figure  29  illustrates  the 
configuration  and  the  method  employed  to  verify 
freedom  from  distortion. 

We  have  recently  established  a  collaboration  with 
the  Max  Planck  Institute  in  Goettingen,  Germany, 
where  they  will  utilize  our  gratings  of  200  and  100 
nm  period  (see  section  4.8)  in  diffraction  and  inter¬ 
ferometer  experiments  using  He  atom  beams.  In 
addition,  free-standing  zone  plates  for  use  in  atom 
focusing  experiments  will  also  be  fabricated  in  SiN.. 


4.19  High-Dispersion,  High  Efficiency 
Transmission  Gratings  for 
Astrophysicai  X-ray  Spectroscopy 
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DISTORTION  ANALYSIS 


generated  grating, 
p=200nnn 


Figure  29.  Schematic  of  the  free-standing  S|N,  gratings  of  200  nm  period.  In  order  to  verify  that  these  gratings  are  free 
of  distortion,  chromium  atoms  were  evaporated  trough  the  free-standing  grating  onto  a  holographically  exposed  grating 
of  the  same  period.  The  resulting  moird  fringes  reveal  the  absence  of  any  systematic  distortion. 
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Through  a  collaboration  between  the  Center  for 
Space  Research  and  the  Nanostructures  Labora¬ 
tory  (NSL),  transmission  grating  are  provided  for 
the  Advanced  X-ray  Astrophysics  Facility  (AXAF) 
x-ray  telescope,  currently  scheduled  for  launch  in 
1998.  Many  hundreds  of  low-distortion,  large-area, 
gold  transmission  gratings  of  200  nm  period  and 
400  nm  period  are  required.  These  will  provide 
high  resolution  x-ray  spectroscopy  of  astrophysical 
sources  in  the  100  eV  to  10  keV  band. 

Because  of  the  requirements  of  low  distortion,  high 
yield,  and  manufacturability,  a  fabrication  procedure 
invoking  holographic  lithography  has  been 
seiected.  In  order  to  ensure  spatial-period  fidelity, 
master  reference  gratings  are  used  to  periodically 
recalibrate  the  holography  system.  The  grating  pat¬ 
terns  are  transferred  into  the  substrate  using  a  tri- 
tevel  resist  scheme  and  reactive-ion  etching, 
foilowed  by  gold  electroplating.  An  etching  step 
then  yields  membrane-supported  gratings  suitable 
for  space  use.  Flight  prototype  gratings  have  been 
fabricated  and  continue  to  undergo  space- 
worthiness  tests.  Progress  in  this  area  focuses  on 
increasing  the  yield  and  flexibility  of  the  fabrication 
procedures  and  perfection  of  grating  evaluation 
tests. 
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The  growth  of  GaAs  on  Si  offers  the  possibility  of 
combining  high-speed  and  optoelectronic  GaAs 
devices  with  Si  integrated-circuit  technology.  Ordi¬ 
narily,  the  4.1  percent  mismatch  between  the  two 
materials  leads  to  high  dislocation  densities. 
However,  it  has  been  shown  here  that  when  GaAs 
is  grown  on  sawtooth-patterned  Si  substrates,  the 
dislocation  density  is  less  than  lOVcm^,  orders  of 
magnitude  lower  than  in  GaAs  films  grown  on 
planar  Si  substrates.  We  investigate  this  effect 
both  for  its  potential  of  greatly  improving  the  quality 
of  GaAs  on  Si  and  as  a  model  for  understanding 


the  mechanism  of  dislocation  reduction.  Oriented 
gratings  of  200  nm  period  are  fabricated  in  Si3N4  on 
(100)  Si  substrates  using  holographic  lithography. 
Anistrotropic  etching  in  KOH  is  then  used  to 
produce  sawtooth-profile  gratings  in  the  Si.  Then 
these  serve  as  substrates  for  GaAs  growth  by  gas 
source  MBE. 
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Two  years  ago,  we  developed  single-electron  capa¬ 
citance  spectroscopy  (SECS).  This  is  a  means  for 
measuring  the  quantum  energy  levels  of  nanoscale 
objects  such  as  quantum  dots,  single  impurity 
atoms,  and  localized  electronic  states  in  a  semicon¬ 
ductor.  The  resolution  of  the  method  is  limited  only 
by  the  sample  temperature,  and  objects  containing 
as  few  as  one  electron  may  be  probed.  We  intend 
to  develop  this  type  of  single-electron  spectroscopy 
into  a  general  tool  for  studying  nanostnictured 
materials.  Since  my  arrival  at  MIT  in  1993,  the 
focus  cf  our  work  has  been  largely  in  the  setup  of 
our  low  temperature  laboratory.  Here  I  will  discuss 
the  SECS  technique  and  our  use  of  it  to  study  a 
single  quantum  dot  or  artificial  atom. 

Our  artificial  atoms  are  semiconductor  structures  so 
small  that  they  can  contain  as  few  as  one  electron. 
These  can  be  considered  as  small  boxes  containing 
a  number  of  electrons  which  can  be  varied.  Like 
real  atoms,  electrons  are  attracted  to  a  central 
location,  in  a  real  atom,  this  central  location  is  a 
positively  charged  nucleus;  in  an  artificial  atom, 
electrons  are  typically  trapped  in  a  bowl-like 
parabolic  potential  well  in  which  electrons  tend  to 
fall  in  toward  the  center  of  the  bowl.  One  can  con¬ 
sider  the  artificial  atom  as  a  tiny  laboratory  in  which 
quantum  mechanics  arxf  the  effects  of  the  electron- 
electron  interaction  can  be  studied.  Because  of  its 
large  size,  the  artificial  atom  is  in  a  different  phys¬ 
ical  regime  from  real  atoms;  as  such  we  can  exp^ 
a  lot  of  new  physics  in  the  electronic  energy  level 
spectra  of  artificial  atoms. 

Atomic  spectra  of  real  atoms  of  a  particular  species 
are  identical.  This  is  not  true  of  artificial  atoms.  It  is 
not  yet  possible  to  manufacture  many  identical  arti¬ 
ficial  atoms.  For  this  reason,  we  have  developed 


SECS,  a  method  for  observing  spectra  in  a  single 
artificial  atom. 

Figure  la  shows  the  new  scheme.  The  artificial 
atom  is  placed  between  the  plates  of  a  tunnel 
capacitor.  It  is  close  enough  to  one  of  the  plates  so 
that  single  electrons  can  quantum  mechanically 
tunnel  between  the  artificial  atom  and  the  neart^ 
plate.  The  artificial  atom  is  far  enough  from  the 
other  capacitor  plate  to  prohibit  any  tunneling  to  this 
plate  occurring.  Electric  fields  can  be  created  by 
applying  a  voltage  between  the  plates  of  the 
capacitor.  If  the  top  plate  is  made  positive  com¬ 
pared  to  the  bottom  one,  electrons  from  the  bottom 
^ate  will  be  attracted  in  the  direction  of  the  top 
^ate,  toward  the  artificial  atom.  Single  electrons 
can  thus  be  coaxed  to  tunnel  into  the  artificial  atom. 
Similarly,  they  can  be  expelled  from  the  artificial 
atom  using  negative  top  plate  voltages. 

The  motion  of  the  single  electrons  can  be  detected 
using  a  simple  physical  prindiiMe.  When  a  single 
electron  tunnels  into  the  artificial  atom,  it  moves 
closer  to  the  top  plate  of  the  capacitor.  Electrons  in 
the  top  plate  tend  to  be  pushed  away  from  the 
plate;  i.e.,  some  charge  is  induced  on  the  top  plate. 
In  our  samples,  the  amount  of  charge  induct  is 
about  half  of  an  electron's  charge. 

The  induced  charge  on  the  capacitor  plates  gives 
rise  to  a  detectable  voltage  across  the  tunnel 
capacitor.  The  voltage  measured  by  a  detector  will 
be  the  amount  of  the  charge  divided  by  the  input 
capacitance  of  the  detector.  Given  that  our  artificial 
atom  samples  are  in  a  cryostat  (typically  at  0.3  K), 
wires  leading  to  a  room  temperature  detector  will 
have  on  order  1000  pF  of  shunt  capacitance.  This 
large  shunt  capacitance  would  make  measurement 
of  the  induced  charge  impossible. 

in  order  to  greatly  reduce  the  shunt  capacitance, 
we  build  an  on-chip  c^dtance  bridge  with  a  high 
electron  mobility  transistor  (HEMT)  detector  located 
abcut  1  mm  away  from  the  tunnel  capacitor.  In  this 
arrangement,  the  tunneling  of  a  single  electron 
induces  a  voltage  of  about  10  nV  at  the  input  of  the 
HEMT.  The  artificial  atom  is  contained  in  a 
GaAs/AIGaAs  quantum  well  produced  by  molecular 
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Figure  1.  (a)  A  scheme  for  making  precision  measurements  on  an  artificial  atom.  The  artificial  atom  may  be  thought  of 
as  a  small  bowl  in  which  electrons  can  be  collected  one  at  a  time.  It  is  positioned  between  two  plates  of  a  capao'tor. 
Single  electrons  can  be  induced  to  tunnel  into  the  artificial  atom  by  application  of  a  voltage  on  the  top  plate.  Detectable 
charge  is  induced  on  the  top  plate  as  a  result  of  this  tunneling,  (b)  Schmatic  cross  section  through  the  structure  con¬ 
taining  the  artificial  atom. 


beam  epitaxy.  Figure  1b  is  a  schematic  diagram. 
The  bottom  GaAs  layer  serves  as  the  bottom 
tunnel  capacitor  plate.  A  thin  (150  Angstrom) 
AlsGarAs  acts  as  the  tunnel  barrier.  The  thick 
AI.3Ga.7As  layer  above  the  GaAs  electrically  insu¬ 
lates  the  electrons  in  the  artificial  atom  from  the  top 
Cr  electrode.  Patterning,  by  electron  beam  lithog¬ 
raphy  and  reactive  ion  etching,  of  the  top  layer  of 
the  structure  provides  lateral  confinement  of  elec¬ 
trons  in  the  quantum  well. 

Figure  2  displays  the  output  of  the  HEMT,  corre¬ 
sponding  to  the  capacitance  of  the  small  capacitor, 


as  the  voltage  on  the  capacitor  plates  is  swept. 
Notice  the  peaks.  The  first  of  these  peaks,  moving 
from  left  to  right,  is  caused  by  the  first  electron  to 
move  into  the  previously  empty  artificial  atom.  Elec¬ 
trons  can  then  be  counted  one  by  one  as  they 
move  into  the  artificial  atom.  Shown  in  figure  2  are 
signals  from  the  first  25  electrons  to  enter  the  artifi¬ 
cial  atom.  An  obvious  question  is:  what  is  the 
meaning  of  the  spacings  between  the  peaks?  It 
turns  out  that  the  horizontal  scale  in  figure  2  can 
actually  be  read  as  an  energy  scale,  with  energy 
increasing  to  the  right.  It  takes  a  certain  amount  of 
energy  to  add  each  subsequent  electron  to  the  arti- 
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Figure  2.  The  results  of  an  ultrasensitive  capacitance  vs.  top  plate  voltage  measurement  on  the  sample  pictured  in 
figure  1.  Moving  from  left  to  right,  the  first  peak  corresponds  to  the  first  electron  entering  the  previously  empty  aiDfictal 
atom.  Each  successive  peak  indicates  a  subsequent  electron  admission.  The  spacings  between  the  peaks  indicate  the 
energy  required  to  add  a  successive  electron  to  the  artificial  atom,  and  the  widths  of  the  peaks  are  determined  by  the 


sample  temperature  (0.35  Kelvins). 


ficial  atom,  and  this  amount  is  directly  reflected  in 
the  spacings  between  the  peaks  of  figure  2. 

Why  does  it  take  more  energy  to  add  each  subse¬ 
quent  electron  to  the  atom?  There  are  two  reasons. 
One  is  that  the  electrons  already  in  the  atom  repel 
subsequent  electrons  from  being  admitted;  it  takes 
a  certain  amount  of  energy  to  overcome  this 
repulsion.  Additionally,  newly  admitted  electrons 
cannot  enter  quantum  states  that  are  already  occu¬ 
pied  (Pauli  Principle);  they  must  enter  higher 
quantum  energy  levels. 

If  a  magnetic  field  is  turned  on,  the  energies  of  the 
quantum  energy  levels  change.  In  the  simplest 
sense,  this  happens  because  the  magnetic  field 
places  a  force  on  moving  electrons.  The  orbits  of 
electrons  in  the  artificial  atom  are  thus  changed  by 
the  magnetic  field,  causing  the  peaks  seen  in  figure 
2  to  move.  This  ability  to  follow  quantum  energy 
levels  in  magnetic  field  is  a  powerful  probe  of  the 
way  electrons  behave  within  the  atom.  To  observe 


it  better,  plots  such  as  the  one  in  figure  3  are 
created.  It  is  a  compendium  of  many  data  sets  such 
as  the  one  shown  in  figure  2,  now  taken  at  varying 
values  of  the  magnetic  field  strength.  In  figure  3, 
the  horizontal  axis  represents  magnetic  field 
strength  and  the  vertical  axis  represents  voltage 
across  the  capacitor  (or  energy).  The  capacitance  is 
plotted  on  a  gray-scale,  with  white  representing  a 
capacitance  peak. 

Let  us  first  examine  the  bottom  trace  of  figure  3.  It 
plots  the  energy  of  the  first  electron  as  a  function  of 
magnetic  field.  Notice  that  this  energy  increases  as 
the  magnetic  field  strength  is  increased.  This 
behavior  of  the  one  electron  energy  turns  out  to  be 
easily  predictable.  A  magnetic  field  will  tend  to 
make  a  moving  electron  move  in  circles  instead  of 
in  a  straight  line.  The  sizes  of  these  circles  become 
smaller  as  the  magnetic  field  strength  is  increased. 
Effectively,  the  magnetic  field  confines  the  elec¬ 
trons.  According  to  quantum  theory,  the  more  tightly 
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Figure  3.  A  gray  scale  capacitance  plot  for  the  first  nine  electrons  to  enter  the  artificial  atom.  The  white  traces  represent 
capacitance  peaks  such  as  those  seen  in  figure  2.  The  lowest  white  trace  corresponds  to  the  first  electron.  The  vertical 
axis  represents  the  energy  required  to  add  single  electrons  to  the  artificial  atom  (derived  from  top  plate  voltage),  and  the 
horizontal  axis  represents  the  magnetic  field.  The  behavior  of  the  white  traces  is  discussed  in  the  text. 


one  confines  an  electron,  the  higher  its  energy.  A  fit 
to  this  trace  determines  that  the  diameter  of  the  first 
electron's  wavefunction  is  about  400  Angstroms. 

The  next  trace  seen  in  figure  3  is  for  two  electrons 
in  the  artificial  atom.  Notice  that  this  trace  appears 
qualitatively  different  from  that  of  the  first  eiectron. 
Rather  than  smoothly  moving  up  in  energy,  the  two- 
electron  energy  shows  a  very  clear  kink  at  a  mag¬ 
netic  field  strength  of  1.5  Testa. 

Why  does  the  energy  to  add  the  second  electron 
energy  differ  so  much  from  the  one  electron 
energy?  The  reason  is  that  the  two  electrons  in  the 


artificial  atom  interact  with  one  another.  Indeed  this 
interaction  produces  the  kink  at  1.5  Tesla.  Aside 
from  carrying  electric  charge,  electrons  also  carry 
magnetism.  If  electrons  are  thought  of  as  small  bar 
magnets,  then  the  spin  of  an  electron  points 
between  the  poles  of  the  magnet.  At  zero  magnetic 
field,  the  two  electrons  in  their  lowest  energy  config¬ 
uration  have  their  spins  pointing  in  opposite 
directions.  At  1 .5  Tesla,  the  spin  of  one  of  the  elec¬ 
trons  flips,  so  that  the  magnet  moments  of  both 
electrons  line  up  with  the  external  magnetic  field. 
This  spin-flipping  has  never  been  observed  before. 
In  a  Helium  atom,  a  real  atom  containing  two  elec- 
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Irons,  this  spin-flipping  is  predicted  to  take  place  at 
the  astronomic  magnetic  field  of  400,000  Teslal  It 
turns  out  that  the  large  size  of  the  artificial  atom 
brings  the  magnetic  field  required  for  the  spin¬ 
flipping  into  the  observable  range. 

At  higher  electron  numbers,  the  physics  of  the  artifi¬ 
cial  atom  becomes  difficult  to  solve  and  sophisti¬ 
cated  computer  modeling  is  required  to  understand 
the  energy  levels.  For  low  magnetic  fields,  an 
model  of  electronic  "shell"  structure  analgous  to  the 
s,  p,  d,  and  f  shells  in  real  atoms  is  appropriate. 
However,  for  more  than  about  10  electrons  in  the 
artificial  atom  and  at  magnetic  fields  above  a  few 
Tesla,  features  appear  in  the  data  that  are  under¬ 
standable  in  terms  of  a  magnetic  shell  structure  in 
which  confinement  by  the  applied  magnetic  field 
dominates  the  confinement  of  the  artificial  atom’s 
parabolic  potential. 

With  the  creation  of  the  few  electron  artificial  atom, 
the  ultimate  limit  of  small  sized  electronics  is  being 
achieved.  There  remains  much  physics  to  explore, 
with  a  vast  amount  of  information  in  the  details  of 
the  spectra.  Basic  ideas  about  the  effects  of  inter¬ 
actions  between  electrons  can  be  tested  in  an 
unprecedented  way. 

Several  projects  are  presently  underway  to  enhance 
both  the  utility  and  sensitivity  of  SECS.  We  have 


commissioned  a  top  loading  dilution  refrigerator 
which  will  allow  samples  to  be  cooled  from  room 
temperature  to  20  mK  in  about  three  hours.  This 
will  allow  us  to  measure  a  large  quantity  and  variety 
of  samples.  Also,  a  scanning  electron  microscope 
has  been  converted  for  use  in  electron  beam  lithog¬ 
raphy.  Initial  experiments  will  focus  on  spectra  of 
artificial  atoms  and  spectra  of  individual  silicon 
impurity  atoms  in  GaAs.  Finally,  we  expect  that  the 
use  of  single-electron  transistors  (see  chapter  2  of 
this  section)  as  charge  sensors  may  significantly 
enhance  the  sensitivity  of  our  SECS  measurement. 
We  are  commencing  work  on  integrating  metallic 
single-electron  transistors  onto  our  artificial  atom 
samples. 
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Additive  puise  modeiocking  (APM)  is  a  technique  of 
modelocking  that  simulates  fast  saturable  ab^rber 
action  by  interferometrically  transforming  phase 
modulation  caused  by  the  Kerr  effect  into  am^itude 
modulation,  in  its  first  realization  with  coupled  cavi¬ 
ties,  where  the  gain  was  supplied  by  an  F-center 
crystal,  this  technique  was  called  the  "soliton  laser.” 
When  it  was  found  that  the  fiber  in  the  auxiiiary 
resonator  providing  the  phase  modulation  did  not 


have  to  possess  negative  dispersion,  we  discovered 
the  principle  of  APM. 

The  analytic  theory  of  APM'  has  been  developed 
under  the  assumption  that  a  pulse  experiences  only 
small  changes  per  pass  through  tfie  laser  system 
due  to  eadi  of  the  phenomena  participating  in  the 
pulse  shaping  process.  This  assumption  covers  a 
wide  range  of  operating  regimes,  since  large 
chemges  per  pa^  tend  to  lead  to  undesirable  spec¬ 
tral  diaracteristics  of  the  pulse  and/or  to  pulse 
instability.  Yet,  there  are  at  least  two  conditions 
under  which  the  change  per  pass  can  be  large 
without  attendant  pulse  deterioration: 

1.  The  case  of  large  positive  and  negative  linear 
dispersion  in  the  resonator,  the  putee  changing 
in  width  and  height  due  to  the  dispersion,  the 
net  change  in  one  roundtrip  remaining  small. 

2.  The  other  condition  may  occur  in  coupied 
cavity  systems,  with  iarge  pulse  changes  in  the 
noniinear  "auxilary"  resonator,  yet  small 
changes  in  the  pulse  in  the  main  resonator, 
due  to  the  fact  that  the  pulse  in  the  auxiiiary 


'  H.A.  Haus,  J.Q.  Fujimoto,  and  E.P.  Ippen,  ’SVuctures  for  Additive  Pulse  Mode  Locking,'  J.  Opt.  Soa  Am.  B  8(10):  2068-2076  (1991). 
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resonator  is  of  relatively  small  energy  com¬ 
pared  with  the  pulse  in  the  main  resonator. 

Condition  (1)  is  realized  in  some  fiber  lasers  and  is 
described  in  section  1.2.  An  analytic  theory  has 
been  developed  for  this  case  which  agrees  with  the 
experimental  observations.^  Contrary  to  the  usual 
sech-like  shape  of  the  pulses  observed  in  most 
passively  modelocked  systems,  the  pulses  are 
approximately  gaussian,  a  fact  verified  exper¬ 
imentally. 

Recent  experiments^  showed  a  very  stable  perfor¬ 
mance  with  large  phase  shifts  and  large  spectral 
broadening  of  the  pulse  in  the  auxiliary  resonator. 
The  spectrum  of  the  pulse  in  the  main  resonator  is 
quite  clean  and  transform  limited.  This  is  condition 
(2)  described  above.  We  have  developed  an  ana¬ 
lytic  theory  for  this  "overdriven  case"  coupled  with 
computer  simulations  of  this  mode  of  operation.'* 
This  approach  is  made  possible  by  the  recognition 
that  the  greatly  broadened  spectrum  of  the  pulse 
fed  back  from  the  auxiliary  resonator  is  filtered  out 
by  the  regenerative  gain  of  the  main  resonator. 
This  makes  possible  an  approximate  analytic  treat¬ 
ment  of  the  action  of  the  Kerr  medium  (fiber). 
Because  the  system  performs  particularly  well  in 
this  regime,  an  understanding  of  its  operation  helps 
us  apply  the  principle  to  other  coupled  cavity 
systems. 
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Significant  progress  has  been  made  in  the  mode- 
lodting  of  fiber  ring  lasers.  Last  year  pulses  452  fs 
long  were  reported.  These  pulses  were  passively 
modelocked  using  the  polarization-APM  principle, 
the  interference  tetween  two  polarizations  causing 
the  phase-to-amplitude  conversion.  This  past  year, 
graduate  student  Kohichi  Tamura  was  able  to  gen¬ 
erate  75  fs  pulses  from  a  fiber  ring  laser  using  a 
new  Stretched  Pulse  APM  principle.  This  new 
method  is  important  for  the  simple  reason  that 
erbium  doped  fiber  lasers  delivering  reasonable 
average  power  with  short  pulses  have  a  Kerr  effect 
that  is  too  large.  The  active  fiber  cannot  be  made 
short  ( <  1 .5m).  The  mode  diameter  is  small 
throughout  the  entire  length  of  the  resonator.  When 
the  nonlinear  phase  shift  in  the  laser  resonator 
approaches  2tt,  the  pulses  tend  to  become 
unstable.  This  prevents  the  generation  of  ultrashort 
pulses  of  reasonable  energies,  unless  ways  are 
found  to  reduce  the  nonlinearity.  The  Stretched 
Pulse  APM  works  with  pulses  that  "breathe"  as  they 
circulate  through  the  ring,  remaining  short  only 
within  two  small  sections  of  the  overall  length  of  the 
ring.  The  fiber  ring  is  composed  of  two  pieces  of 
fiber  of  opposite  dispersion.  The  gain  section  of 
erbium  doped  fiber  is  positively  dispersive,  the 
passive  section  closing  the  ring  is  negatively 
dispersive.  The  two  dispersions  approximately 
cancel.  The  pulse  can  expand  to  as  much  as  20 
times  its  shortest  width.  By  tapping  off  the  pulse 
through  a  coupler  and  fiber  of  appropriate  length, 
the  width  of  the  output  pulse  can  be  made  to  be 
equal  to  the  minimum  width.  The  Stretched  Pulse 
principle  could  be  applied  to  any  laser  in  which  the 
Kerr  nonlinearity  is  excessive. 

Harmonic  modelocking  of  all-fiber  lasers  is  essential 
if  one  aims  at  GHz  repetition  rates,  since  the  funda¬ 
mental  repetition  rate  of  a  fiber  laser  is  in  the 
40-100  MHz  regime.  Because  the  relaxation  time  of 
the  gain  medium  (Er  or  Nd)  is  long  compared  with  1 
ns,  the  gain  medium  does  not  stabilize  the  pulse 
energies  of  a  harmonically  modelocked  fiber  laser. 
At  AT&T  Bell  Laboratories,  harmonic  modelocking 
was  achieved  using  a  Fabry-Perot  resonator 
internal  to  the  fiber  ring,^  so  that  each  pulse  seeded 


2  K.  Tamura,  E.P.  Ippon,  aixl  H.A.  Haus,  "Theory  of  Ulfrashort  Pulse  from  All-fiber  Ring  Laser,"  submitted  to  J.  Opt.  Soc.  Am.  B. 

3  G.  Lenz,  J.  Paye,  P.l.  Khatri,  J.D.  Moores,  H.A.  Haus,  and  E.P.  Ippen,  "Recent  Developments  in  Additive  Pulse  Modelocking  of  Solid 
State  Lasers,"  paper  LIOE/SSL1.4,  IEEE  Lasers  and  Electro-Optics  Society  f993  Annual  Meeting,  San  Jose,  California,  l^vember 
15-18, 1993. 
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its  successor.  The  side-coupled  resonator  used  at 
NTT  accomplished  the  same  purpose.*  Both 
schemes  need  stabilization  of  the  optical  lengths  of 
the  two  resonators  involved.  Graduate  student 
Christopher  Doerr  achieved  harmonic  modelocking 
at  1  GHz  by  reversing  Additive  Pulse  Modelocking 
into  Additive  Pulse  Limiting.  He  simply  changed  the 
polarization  transformers  in  the  fiber  ring  from  a 
configuration  that  provided  reduced  loss  for 
increasing  intensity  to  one  that  provided  increased 
loss  for  increasing  intensity.  His  system  is  self- 
stabilized.^ 

We  have  begun  work  on  thulium  doped  fiber  lasers 
emitting  in  the  1 .9  pm  regime.  Thulium  is  eye-safe, 
has  a  much  wider  bandwidth  than  erbium,  and  a 
very  smooth  bell-shaped  gain  curve.  APM  of 
thulium  fiber  lasers  will  lead  to  pulses  much  shorter 
than  those  obtained  with  erbium.  Preliminary 
studies  on  cw  Fabry-Perot  type  thulium  doped 
lasers  showed  pump  induced  "darkening"  of  the 
fiber  that  fully  disappears  after  the  pump  is  turned 
off.  The  process  is  well  understood,  not  requiring 
further  investigation,  since  the  presence  of  lasing 
reduces  the  effect  and  permits  pumping  at  a  level 
which  produces  satisfactory  levels  of  gain. 


1.3  Long  Distance  Fiber 
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We  have  extended  our  simulation  studies  to  explore 
high  bit-rate  TDM  on  optical  fibers.  Repeaterless 
terrestrial  fiber  communications  operate  under  dif¬ 
ferent  constraints  from  those  of  transoceanic  fiber 
communications.  Also,  the  millions  of  miles  of  fiber 
already  laid  with  zero  dispersion  at  1.3  micron 


wavelength  require  new  methods  of  upgrading  to 
higher  bit-rates  and  1.5  micron  operation,  since 
erbium  amplifiers  are  superior  to  any  other  fiber 
communications  amplifier.  Solitons  are  not  likely  to 
play  a  role  in  the  upgraded  existi^  fiber  network, 
but  they  do  offer  interesting  possibilities  for  properly 
chosen  fiber  dispersion.  We  have  run  extensive 
analytic  studies  and  computer  simulations  to  study 
the  effect  of  Raman  noise,  Raman  self-frequency 
shift,  soliton  interaction  and  the  Gordon-Haus  effect 
to  explore  limits  of  achievable  performance.* 

Another  important  aspect  of  long  distance  propaga¬ 
tion  is  optical  storage.  High  bitrates  can  be  stored 
in  a  fiber  ring  if  one  can  maintain  the  zeros  and 
ones  injected  into  the  ring  indefinitely.  We  have 
develop^  the  theory  for  one  of  these  storage  rings. 
Remarkably,  Christopher  Doerr  in  his  experiments 
on  harmonic  modelocking,  demonstrated  the  possi¬ 
bility  of  storing  a  random  sequence  of  zeros  and 
ones  indefinitely  by  switching  his  harmonically 
modelocked  fiber  ring  from  the  APL  state  into  the 
APM  state.  Under  these  conditions,  he  was  able  to 
show  that  random  sequences  of  zeros  and  ones 
can  maintain  themselves  forever,  consistent  with 
theoretical  predictions. 


1.4  Squeezing 
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The  MIT  effort  in  squeezing  concentrates  on  the 
pulse  excited  Sagnac  fiber  loop  reflector  first  pro¬ 
posed  in  1989.*  This  scheme  has  the  advantage  of 


s  E.  Yoshida,  Y.  Kimura,  and  M.  Nakazawa,  ’Laser  Diode-pumped  femto  second  Eibium-doped  Fiber  Laser  with  a  Sub-ring  Cavity  for 
Repetition  Rate  Control,'  Appl.  Pliys.  Lett.  60(8);  932  (1^). 

^  C.R.  Doerr,  H.A.  Haus,  E.P.  Ippen,  M.  SNrasaW,  and  K.  Tamura,  ’Additive-pulse  Limiting,’  Opt.  Lett.  19(1):  31-33  (1994). 

«  L.  Boivin,  F.X.  KSnner,  and  H.A.  Haus,  ’Integrable  Quantum  Tfieory  of  Self-phase  Modulation  with  Finite  Response  Time,’  Phys. 
Rev.  Lett.,  forthcoming;  J.K.  Bounds  and  H.A.  Haus,  ’Quantum  Noise  of  Raman  Amplification,’  J.  European  Opt  Soc.,  forthcoming; 
F.X.  KSrtner,  D.  Dougherty,  H.A.  Haus,  and  E.P.  Ippen,  'Reman  Noise  and  Soliton  Squeezing,’  J.  Opt.  Soc.  Am.  B,  forthcommg. 

9  M.  Shirasaki,  H.A.  Haus,  and  D.L.  Wong,  ’Quantum  Theory  of  the  Nonlinear  Interferometer,’  J.  Opt.  Soc.  Am.  B  6(1):  82-88  (1989). 
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reusing  the  pump  as  the  local  oscillator.  The  first 
results  on  squeezing'°  were  achieved  in  a  fiber  with 
exceptionally  low  noise  caused  by  Guided  Acoustic 
Wave  Brillouin  Scattering  (GAWBS);  i.e.,  index  fluc¬ 
tuations  caused  by  thermally  excited  acoustic 
waves  which  change  the  phase  of  the  wave  propa¬ 
gating  through  the  fiber.  For  some  very  narrowly 
defined  fiber  parameters,  it  is  possible  to  distribute 
the  acoustic  resonances  so  that  they  do  not  con¬ 
volve  into  the  (low-)  frequency  range  of  the  meas¬ 
urement  window  (40-90  kHz)  for  pulses  of  100  MHz 
repetition  rate  (the  rate  generally  produced  by 
modelocked  laser  sources).  The  fiber  used  met 
these  exceptional  conditions.  Since  these  condi¬ 
tions  are  not  easily  met,  it  is  important  to  develop 
techniques  that  suppress  the  GAWBS  noise.  The 
GAWBS  spectrum  "rolls  off"  before  it  reaches  1 
GHz.  Thus,  if  the  pulse  repetition  rate  is  1  GHz  or 
higher,  the  convolution  of  the  GAWBS  noise  into 
the  low  frequency  measurement  window  can  be 
avoided  entirely. 

Graduate  student  Keren  Bergman  demonstrated  the 
suppression  of  Guided  Acoustic  Wave  Brillouin 
Scattering  (GAWBS)  in  her  squeezing  experiments 
in  fiber  Sagnac  ring.s  by  developing  a  low  noise 
Nd;YLF  modelocked  laser  source  modelocked  at  1 
GHz.  Ms.  Bergman  was  able  to  obtain  noise  levels 
5.1  dB  below  shot  noise.  The  power  of  this  method 
is  that  it  can  be  used  in  any  pulsed  system  subject 
to  GAWBS,  as  long  as  the  detection  window  is 
limited  to  low  frequencies." 

Careful  investigation  of  the  parameters  of  the 
system  has  demonstrated  that  the  amount  of  shot 
noise  reduction  is  consistent  with  the  system  para¬ 
meters.  In  fact,  the  peak  of  the  gaussian  pulse 
experiences  13  dB  of  squeezing,  but  due  to  the 
averaging  of  the  squeezing  upon  detection,  and  the 
imperfect  quantum  efficiency  of  the  detector,  the 
shot  noise  reduction  is  limited  to  5.1  dB.  Theore¬ 
tical  studies  have  shown  that  with  pulse 
preshaping'2  the  shot  noise  reduction  can  be 
improved. 

We  have  carried  out  a  careful  investigation  of  the 
Raman  noise  effect  on  squeezing.  Raman  noise  is 
somewhat  analogous  to  GAWBS,  except  for  the 
fact  that  the  index  fluctuations  are  induced  by 
optical  phonons  rather  than  acoustic  ones.  Thus,  it 


is  a  broad-band  noise  that  does  permit  reduction  or 
elimination  by  the  schemes  proven  successful  in 
the  case  of  GAWBS.  Previous  investigators  have 
concluded'^  that  the  noise  does  not  affect 
squeezing  appreciably  at  presently  achieved  levels 
(5  dB  shot  noise  reduction)  and  that  it  is  pulse- 
width  independent.  Our  analysis  is  based  on  new 
careful  experiments  of  the  silica  fiber  Raman  gain 
near  zero  frequency  offset.  One  finds  that  the  gain 
does  not  rise  linearly  as  a  function  of  frequency 
offset.  The  consequence  is  that  the  noise  is  not 
pulse-width  independent,  but  rather  increases  with 
decreasing  pulse-width,  suggesting  that  for  pulses 
shorter  than  1  ps  the  Raman  noise  may  become 
important. 

Since  squeezed  radiation  quickly  d^enerates 
through  loss,  it  is  important  to  use  it  in  systems 
that,  in  principle,  are  loss-free  for  the  squeezed 
radiation.  Conventional  fiber  gyro  designs  do  not 
have  this  property  and  hence  modified  designs 
must  be  used.  In  the  search  for  such  a  modified 
design,  Mr.  Ooerr  and  Dr.  Shirasaki,  a  visitor  from 
Fujitsu  Laboratories,  have  arrived  at  a  design  which 
not  only  satisfies  this  criterion,  but  has  several  other 
unique  properties  that  could  lead  to  an  improve¬ 
ment  in  conventional  fiber  gyro  performance.  Its 
advantages  are: 

1.  Conventional  fiber  gyros  bias  the  Sagnac  fiber 
loop  with  a  nonreciprocal  phase  shifter,  or 
through  modulation  of  the  input  excitation.  The 
new  design  biases  via  a  simple  reciprocal  wave 
plate. 

2.  The  design  is  insensitive  to  "drifts"  in  all  ele¬ 
ments  to  first  order. 

The  gyro  has  been  built  and  tested,  and  all  indi¬ 
cations  are  that  it  will  meet  our  expectations. 

An  analysis  of  squeezing  calls  for  an  accurate 
quantum  theory  of  nonlinear  optical  systems.  The 
excellent  agreement  between  theory  and  our  exper¬ 
iments  suggest  that  the  theoretical  analysis  of 
single-mode  quantum  processes  developed  by  us 
and  others  is  a  reliable  description  of  a  class  of 
such  processes.  Every  measurement  of  an  optical 
obsenrable  involves  a  nonlinear  process.  Hence 
the  theory  developed  in  connection  with  squeezing 


10  K.  Bergman  and  H.A.  Haus,  'Squeezing  in  Fibers  with  Optical  Pulses,'  Opt.  Lott.  16(9):  663-665  (1991). 

”  K.  Bergman,  H.A.  Haus,  E.P.  Ippen,  and  M.  Shirasaki,  'Squeezing  in  a  Fiber  Interferometer  with  a  GHz  Pump,'  Opt.  Lett.  19;  (1994). 

<2  C.R.  Doerr,  F.l.  Khatri,  and  M.  Shirasaki,  'Simulation  of  Pulsed  Squeezing  in  Optical  Fiber  with  Chromatic  Dispersion,'  J.  Opt.  Soc. 
Am.  811(1):  143-149(1994). 

'3  j.K.  Bounds  and  H.A.  Haus,  'Quantum  Noise  of  Raman  Amplification,*  J.  European  Opt.  Soc.,  forthcoming. 
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can  be  applied  to  long-standing  questions  about  the 
theory  of  quantum  measurement.  One  of  these 
questions  is  related  to  the  evolution  of  the  wave 
function  of  a  system  sut^ected  to  a  measurement. 
The  postulate  of  van  Neumann  concerning  the  "col¬ 
lapse  of  the  wave  function"  upon  a  measurement 
can  be  explored  in  detail.  The  collapse  is  an 
extreme  form  of  a  measurement  in  which  perfect 
accuracy  is  achieved.  Most  measurements  are  not 
of  this  character  and  must  be  treated  differently. 
The  quantum  formalism  developed  for  nonlinear 
optics  enables  one  to  characterize  such  more 
general,  and  more  realistic,  measurements.'^ 


1.5  Integrated  Photonic  Components: 
The  Channel  Dropping  Filter 

Sponsors 

National  Center  for  Integrated  Photonic 
Technology 

National  Science  Foundation 
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Project  Staff 

Jay  N.  Damask,  Mohammed  J.  Khan,  Professor 
Hermann  A.  Haus,  Professor  Leslie  A.  Kolodziejski, 
Juan  Ferrera,  Vincent  V.  Wong,  Professor  Henry  I. 
Smith 

The  channel-dropping  filter  uses  a  combination  of 
side-coupled  quarter-wave  shifted  distributed  Bragg 
reflectors  to  selectively  tap  a  single  wavelength- 
division  multiplexed  (WDM)  channel  from  a  central 
optical  bus  waveguide.’^  Design  studies  have 
shown  that  five  1 0  GHz  and  2  GHz  channels  at  -20 
dB  crosstalk  can  be  supported  in  the  silica  and  InP 
semiconductor  material  systems,  respectively. 
Moreover,  a  design  modification  may  allow  over 
twenty  10  GHz  channels  to  be  dropped  with  the 
aforementioned  crosstalk  figure. 

Unlike  current  concepts  in  WDM  receivers,  such  as 
the  Integrated  N  x  N  Multiplexer/Router,  the 
channel-dropping  fitter  does  not  terminate  the  entire 
WDM  bit  stream  to  resolve  one  channel.  Instead, 
each  filter  taps  only  one  channel  from  the  optical 
bus,  leaving  the  remaining  channels  undisturbed 
and  adding  a  new  degree  of  design  freedom  for  the 
network  architect.  Applications  for  the  filters  range 
from  tapping  a  synchronizing  or  triggering  bit 


stream  to  building  a  full  WDM  system  to  optically 
controlling  a  phased-array  radar.  The  high-Q  inte¬ 
grated  optical  resonators,  the  requisite  technology 
for  the  channel-dropping  filter,  can  itself  be  used  for 
optical  digital  signal  processing  applications. 

There  are  four  components  to  the  current  project: 
(1)  theory  and  design,  (2)  material  development,  (3) 
fabrication  of  waveguides  and  Bra^  gratings,  and 
(4)  measurement  and  characterization.  Theoretical 
tools  have  been  developed  to  assist  device  design 
and  to  assess  the  fabrication  tolerances  that  must 
be  met  to  repeatably  manufacture  these  grating- 
based  filters. 

Material  development  is  following  a  dual  course. 
The  InGaAsP/lnP  semiconductor  material  system  is 
an  attractive  platform  because  MSM  detectors  and 
other  components  can  be  directly  integrated  with 
the  filters.  The  films  are  being  grown  in  Professor 
Kolodziejski's  QSMBE  system  and  characterized  in 
a  number  of  support  facilities.  The  silica-on-silicon 
system  is  a  low-loss  material  system  that  can 
support  a  larger  number  of  WDM  channels  than  an 
equivalent  semiconductor-based  filter  system  can. 
The  silica  films  are  deposited  by  diffusion  and 
LPCVD  methods  in  the  Integrated  Circuits  Labora¬ 
tory  at  MIT. 

Optical  and  x-ray  lithography  is  required  to  pattern 
the  waveguides  and  Bragg  gratings,  respectively.  A 
new  technique  called  Spatial  Phase-Locked 
E-Beam  Lithography,  developed  jointly  between  the 
Nanostructures  Laboratory,  directed  by  Professor 
Smith,  and  IBM,  has  demonstrated  e-beam  field-to- 
field  stitching  errors  of  s  1  nm.  Only  with  such  small 
stitching  errors  can  the  requisite  spatially-coherent 
gratings  be  written.  The  first  set  of  straight  and 
quarter-wave  shifted  Bragg  patterns  has  been 
written  for  subsequent  transfer  to  silica-based 
waveguides. 

Careful  measurement  and  characterization  of  all 
devices,  from  straight  waveguides  to  Bragg  reflec¬ 
tors  to  optical  resonators  to  channel-dropping  filters, 
is  necessary  to  compile  a  complete  understanding 
of  the  behavior  and  operation  of  the  WDM  filters. 
Both  spectral  and  temporal  measurements  are 
required.  A  collaboration  with  Drs.  J.  Donnelly  and 
S.  Chinn  of  MIT  Lincoln  Laboratory  has  recently 
been  formed  to  further  the  device  fabrication  and 
optical  measurement  components  of  the  research. 


F.X.  Kdrtner  and  H.A.  Haus,  'Quantum  Nondemolition  Measurements  and  the  Collapse  of  Wave  Function,'  Phys.  Rev.  A,  forth¬ 
coming. 
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We  have  started  to  investigate  realizations  of  the 
channel  dropping  filter  other  than  those  based  on 
the  quarter  wave  shifted  DFB  resonator  (QWS- 
DFBR).  Gain  gratings  offer  interesting  new  possi¬ 
bilities.  The  theoretically  predicted  performances 
are  superior  to  QWS-DFB  resonators.  One  remark¬ 
able  property  of  the  gain  grating  system  is  that  one 
single  side-coupled  resonator  can  both  couple  out 
the  signal  from  the  "bus,"  as  well  as  reinject  it;  this 
should  be  contrasted  with  a  QWS-DFB  grating 
structure  that  requires  three  resonators  to  accom¬ 
plish  this  same  function. 

1.6  Ultrafast  Nonlinearities  in  Active 
Semiconductors 

Sponsors 
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Future  high  bit-rate  communication  systems  may 
employ  devices  that  contain  active  optical  wave¬ 
guides.  Examples  of  these  systems  include  all- 
optical  switches,  wavelength  shifters,  and  optical 
amplifiers.  The  realization  and  reliable  performance 
of  such  devices  require  knowledge  of  the  ultrafast 
optical  nonlinearities  exhibited  by  these  active 
waveguide  structures.  For  some  devices,  such  as 
optical  amplifiers,  highly  linear  behavior  is  essential. 
With  other  devices,  such  as  switches  and  wave¬ 
length  shifters,  large  optical  nonlinearities  are  desir¬ 
able  and  translate  into  good  performance.  Thus, 
the  ability  to  design  active  waveguide  structures 
and  accurately  predict  their  nonlinear  and  linear 
characteristics  is  important. 

For  long-haul  fiber  communications,  InGaAsP  wave¬ 
guides  that  operate  around  1.5  pm  wavelength  are 
the  devices  of  choice.  For  shorter  distance  trans¬ 


mission,  where  pulse  dispersion  is  not  detrimental, 
AiGaAs  waveguides  operating  around  0.8  pm  could 
be  used  as  well.  We  have  two  parallel  research 
efforts  undentvay  for  the  study  of  both  of  these 
materials  systems.  Studying  AIGaAs  and  InGaAsP 
waveguides  together  gives  us  the  unique  opportu¬ 
nity  to  compare  the  ultrafast  behavior  of  devices 
from  these  two  materials  systems.  The  similar 
dynamics  that  they  exhibit  help  to  reveal  funda¬ 
mental  processes  that  are  common  to  all  semicon¬ 
ductors. 

To  measure  ultrafast  nonlinearities  in  an  active 
waveguide  we  employ  short  optical  pulses  in  a 
pump-probe  configuration.  For  InGaAsP  studies 
around  1.5  pm,  we  use  a  color  center  laser  that 
generates  pulses  around  150  femtoseconds  in 
duration.  The  AiGaAs  measurements  near  0.8  pm 
are  performed  with  a  modelocked  Tiisapphire  laser 
that  generates  pulses  between  80  and  120  femto¬ 
seconds.  The  AiGaAs  experiments  employ  a  time- 
division  interferometer  (TDI)  arrangement.  The  TDI 
is  a  pump-probe  measurement  technique  that  gives 
us  the  ability  to  measure  both  the  gain  and 
refractive  index  nonlinearities  induced  in  a  wave¬ 
guide  by  a  short  optical  pulse.  The  InGaAsP  exper¬ 
imental  setup  employs  a  heterodyne  pump-probe 
technique  that  also  allows  measurement  of  both 
gain  and  refractive  index  dynamics.’®  The  pump- 
probe  measurements  performed  with  these  systems 
on  InGaAsP  and  AiGaAs  devices  have  enhanced 
our  understanding  of  optical  nonlinearities  in  semi¬ 
conductors  on  a  picosecond  and  faster  time  scale. 

The  dominant  dynamics  we  have  observed  are  attri¬ 
buted  to  carrier  heating,  spectral  hole  burning,  and 
two-photon  absorption.’^  In  addition,  the  refractive 
index  exhibits  an  instantaneous  response  which  is 
caused  by  the  optical  Stark  effect.  Below-band 
refractive  index  measurements  performed  in 
AiGaAs  have  allowed  us  to  characterize  the  reso¬ 
nant  response  exhibited  by  the  optical  Stark  effect. 
These  below-band  studies  have  also  demonstrated 
that  free  carrier  absorption  is  an  important  mech¬ 
anism  for  carrier  heating  and,  further,  that  there  is  a 
delay  of  about  100  femtoseconds  In  the  onset  of 
this  carrier  heating  response.  Other  above-band 
measurements  have  shown  that  stimulated  transi¬ 
tions  can  also  give  rise  to  carrier  temperature 
changes.  In  particular,  carrier  cooling  through  stim- 


'6  K.L.  Hall.  Femtosecond  Nonlinearities  In  InGaAsP  Diode  Lasers,  Ph.D.  diss.,  Dept,  of  Electr.  Eng.  and  Comput.  Sci.,  MIT,  1993;  K.L. 
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ulated  absorption  has  been  obsenred.  Other 
studies  have  reveaied  that  chirp  on  the  pulses  can 
lead  to  artifacts  in  the  refractive  index  measure¬ 
ments.  Thus,  careful  control  of  pulse  chirp  is 
essential  for  making  accurate  index  measurements. 

In  addition  to  being  interesting  from  a  fundamental 
standpoint,  these  pump-probe  studies  of  active 
AIGaAs  and  InGaAsP  waveguides  are  of  practical 
interest.  In  the  future,  the  index  dynamics  we  have 
measured  and  characterized  could  become  the 
basis  for  an  all-optical  switch.  By  studying  them, 
we  can  determine  ways  in  which  these  nonlinear¬ 
ities  can  be  enhanced  or  suppressed,  as  desired, 
by  proper  design  of  the  waveguide  structure.  In 
some  cases,  the  processes  may  not  be  designed 
away,  resulting  in  fundamental  limitations  to  device 
performance. 


1.7  Femtosecond  Raman 
Measurements  in  Optical  Fibers 
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The  magnitude  and  spectral  dependence  of  the 
Raman  gain  of  silica  glass  were  studied  by  a 
number  of  researchers  twenty  years  ago.’®  The 
results  of  these  investigations  have  subsequently 
been  used  in  investigations  of  the  effect  of  Raman 
gain  on  pulse  compression  using  optical  fibers,  and 
in  designing  fiber  Raman  lasers  and  amplifiers. 
Intra-pulse  Raman  effects,  such  as  recently  pro¬ 
posed  theories  of  noise  generation  in  squeezing 
experiments  using  solitons  and  the  soliton  self¬ 
frequency  shift,  depend  on  the  low  frequency  region 
of  the  gain  spectrum.’®  To  assist  further  investi¬ 
gation  of  these  effects,  we  have  made  new  mea¬ 
surements  of  the  Raman  gain  spectrum  from  6 
cm-  ’  to  900  cm-  ’  with  a  novel  femtosecond  probing 
technique. 

The  experiment  used  the  beams  of  two  Ti:sapphire 
lasers  arranged  to  counter-propagate  through  700 
meters  of  single  mode  polarization  preserving  fiber. 


The  pump  beam  was  CW  with  a  spectral  width  of 
approximately  3  GHz  and  a  typical  average  power 
of  20  mW.  The  probe  laser  was  mode-locked  and 
provided  100  fs  pulses  which  were  coupled  into  a 
short  length  of  fiber  to  provide  an  80  nm  broad¬ 
band  probe  beam.  The  large  bandwidth  of  the 
probe  spectrum  enabled  us  to  obtain  the  Raman 
gain  spectrum  over  large  Stokes  and  anti-Stokes 
detunings  simultaneously.  In  principle,  the  resolu¬ 
tion  of  this  technique  is  limited  only  by  the  resolu¬ 
tion  of  the  spectrometer  and  by  pump  back-scatter 
at  zero  detuning. 

The  peak  gain  at  440  cm-’  was  measured  to  be 
1.6  X  10”  cm/W,  approximately  10  percent 
greater  than  previously  measured.  For  applications 
such  as  Raman  amplifiers  or  lasers  which  use  the 
peak  of  the  spectrum,  the  Raman  gain  for  cross- 
polarized  pump  and  Stokes  beams  may  be  taken  to 
be  zero.  This  is  true  only  at  large  Stokes 
detunings.  Our  method  has  enabled  us  to  present 
the  first  direct  measurements  of  the  cross-polarized 
Raman  gain  spectrum  in  glass  fibers.  The  gain 
peaks  at  around  100  cm  ’  and  rapidly  decreases 
for  larger  detunings.  Below  50  cm  ’,  however,  the 
gain  has  the  same  shape  as  the  co-polarized  spec¬ 
trum  and  is  only  a  factor  of  0.45  smaller.  Cross- 
polarized  gain  should  therefore  be  included  in 
calculations  of  effects  such  as  the  soliton  self¬ 
frequency  shift  which  are  due  to  the  low  frequency 
Raman  modes  of  the  glass. 

In  addition  to  characterizing  the  Raman  gain,  our 
experiment  also  uncovered  a  new  coherent  cou¬ 
pling  mechanism  between  counter-propagating 
pulses  and  CW  beams  in  fibers.  The  effect  is 
observed  through  oscillations  in  the  signal  spectrum 
occuring  on  the  anti-Stokes  side  of  the  pump  wave¬ 
length.  The  size  of  the  signal  depends  linearly  on 
the  pump  power,  and  on  the  square  of  the  probe 
power.  For  probe  pulses  polarized  parallel  to  the 
pump,  the  sii^ral  oscillations  always  occur  on  the 
Anti-Stokes  side  of  the  pump  wavelength  and  move 
with  the  center  wavelength  reference  as  the  pump 
is  tuned.  If  the  probe  is  present  in  both  polarization 
modes  of  the  fiber,  oscillations  are  seen  on  the 
cross  polarized  component  of  the  probe,  but  shifted 
to  the  wavelength  which  has  the  same  group 
velocity  as  the  pump  light. 

This  behavior  is  explained  by  transient  Brillouin 
scattering  of  the  pump  followed  by  coherent  cross¬ 
phase  modulation.  Sound  waves  launched  by  the 


’8  R.H.  Stolen  and  E.P.  Ippen.  “Raman  Gain  in  Glass  Optical  Waveguides,"  Appl.  Phys.  Lett.  22:  276  (1973). 

>8  F.X.  KSrtner,  D.J.  Dougherty,  E.P.  Ippen,  and  H.A.  Haus,  “Raman  Noise  and  Soliton  Squeezing,"  submitted  to  J.  Opt.  Soc.  Am.  8.; 
F.M.  Mitschke  and  L.F.  Mollenauer,  “Discovery  of  the  Soliton  Self  Frequency  Shift,"  Opt.  Lett.  11;  659  (1986). 
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beating  of  the  pump  and  probe  electric  fields  scatter 
pump  light  backwards  into  the  probe  direction  with 
an  intensity  envelope  described  by  the  impulse 
response  of  the  elastic  waves  of  the  medium.  This 
scattered  electric  field  then  heterodynes  with  the 
probe  field  by  means  of  the  instantaneous  Kerr 
nonlinearity  to  create  an  oscillating,  time  dependent 
phase  shift  (and  thus  freqeuncy  shift)  of  the  highly 
chirped  probe  pulse.  Because  glass  has  large  posi¬ 
tive  dist^rsion  at  800  nm  and  the  scattered  pump 
light  trails  the  zero  detuning  wavelength,  the  oscil¬ 
lations  appear  on  the  anti-Stokes  side.  ^  far,  they 
have  limited  our  resolution  of  the  Raman  gain  at 
detunings  less  than  6  cm-\  However,  the  under¬ 
standing  we  have  obtained  of  such  dynamic  fre¬ 
quency  modulation  in  chirped-probe,  two-beam 
coupling  experiments  should  make  it  possible  to 
apply  this  simple  technique  to  studies  of  fast  nonlin¬ 
earities  in  other  waveguide  devices. 


1.8  Coherent  Phonons  in  Solid-State 
Materials 
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Pulses  of  laser  light,  which  are  short  compared  to 
the  optical  phonon  period,  can  be  used  to 
impulsively  generate  the  coherent  lattice  vibrations 
in  solid  state  materials.  Our  current  interest  in 
coherent  phonons  is  two-fold:  (1)  using  time- 
resolved  femtosecond  spectroscopy  to  further  our 
understanding  of  lattice  and  electron  dynamics,  and 
(2)  exploiting  the  coherent  phonon  phenomenon  to 
modulate  the  physical  characteristics  of  the  material 
at  THz  frequencies.  For  semimetals  and 
narrow-gap  semiconductors,  the  reflectivity  modu¬ 
lations  due  to  coherent  ion  motion  have  been  par¬ 
ticularly  large  (on  the  order  of  10  percent  in  some 
materials)  and  have  suggested  significant  modu¬ 
lation  of  the  material's  electronic  structure.  In  these 


cases,  we  have  determined  that  the  coherent 
phonon  excitation  is  caused  by  a  medianism  we 
call  Dispiacive  Excitation  of  Coherent  Phonons 
(DECP).» 

The  DECP  mechanism  uses  the  pump  pulse  to 
promote  electrons  in  the  solid  from  bonding  oititals 
to  anti-bonding  orbitals,  thereby  changing  the  ionic 
potential’s  coordinate  of  minimum  energy.  Because 
the  iattice  cannot  respond  adiabatically  to  this  rapid 
displacement  of  the  ionic  equilibrium  coordinate,  the 
lattice  is  set  into  oscillation  about  the  new  equilib¬ 
rium.  With  the  DECP  mechanism,  the  generated 
coherent  phonon  can  be  large  enough  to  modulate 
significantly  the  energy  bands  of  a  solid  through  a 
deformation  potential  coupling.^'  Energy  band  mod¬ 
ulation  is  manifested  through  transient  reflectivity 
modulations  as  large  as  12  percent  in  semicon¬ 
ducting  Ti203  at  the  A,g  optical  phonon  frequency 
( ~  7  THz).  In  experiments  involving  high  excitation 
intensities,  it  is  oteerved  that  the  optical  phonon  is 
screened  by  the  photoexcited  carriers,  resulting  in 
an  initial  down-shift  of  the  optical  phonon  frequency 
relative  to  the  value  found  through  spontaneous 
Raman  scattering. 

We  have  recently  performed  coherent  phonon  mea¬ 
surements  on  single  crystal  Sb,  as  a  function  of 
pump  intensity,  to  study  systematically  the  effect  of 
the  phonon  frequency  shifts.  These  shifts  are 
directly  related  to  the  time  evolving  curvature  of  the 
ionic  potential  caused  by  the  pump-induced  plasma. 
The  plasma  screens  the  bare-ion  potential  of  the 
solid  yielding  a  "dressed”  phonon  with  a  modified 
phonon  frequency,  analogous  to  the  case  of 
acoustic  phonons  in  metals.  By  monitoring  the 
phonon  frequency,  we  directly  measure  the  relaxa¬ 
tion  of  the  carrier-ion  screening  process. 

In  most  femtosecond  studies  of  carrier  dynamics, 
the  induced  optical  changes  are  the  result  of  carrier 
distributional  changes  that  evolve  with  energy  and 
momentum  loss  to  the  lattice.  In  the  present  exper¬ 
iment,  the  induced  optical  changes  are  dominated 
by  the  iattice  and  we  measure  changes  in  the 
phonon  frequency  as  affected  by  the  ions'  inter¬ 
action  with  the  excited  carriers.  In  the  most  direct 
way  possible,  we  observe  electron-phonon  inter¬ 
actions  as  experienced  from  the  point  of  view  of  the 
lattice  itself. 


20  T.K.  Cheng,  J.  Vidal,  H.J.  Zeiger,  E.P.  Ippen,  G.  Oresselhaus,  and  M.S.  Dressettiaus,  ‘Mechanism  for  Dispiacive  Excitation  of 
Coherent  Phonons,’  Appl.  Phys.  Lett.  59;  1923  (1991);  H.J.  Zeiger,  J.  Vidal,  T.K.  Cherig,  E.P.  Ippen,  G.  Dresselhaus,  arxl  M.S. 
Oresselhaus,  Theory  for  Dispiacive  Excitation  of  Coherent  Phonons,*  Phys.  Rev.  B45;  7M  (1992). 

21  T.K.  Cheng,  L.  Adoli,  E.P.  Ippen,  J.  Vidal,  H.J.  Zeiger,  G.  Dresselhaus,  and  M.S.  Oresselhaus,  'Modulation  of  a  Semiconductor-to- 
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1.10.1  Ultrashort  Pulse  Generation  in  Solid 
State  Lasers 

The  development  of  new  laser  technology  for 
ultrashort  pulse  generation  is  directly  relevant  to  the 
investigation  of  ultrafast  phenomena  in  materials 
and  devices  as  well  as  the  development  of  high 
speed  communications  and  signal  processing 
systems.  In  recent  years  there  has  been  a  rapid 
growth  of  solid-state  laser  technology  which  has 
revolutionized  the  field  of  short-pulse  generation. 
Wavelength  tunable  pulses  with  durations  of  less 
than  100  fs  can  now  be  generated  using  a  variety 
of  new  solid  state  laser  systems.  Solid  state  lasers 
have  high  energy  storage,  high  reliability,  and  low 
cost.  Over  the  last  several  years,  our  group  has 
been  active  in  the  development  of  new  technologies 
for  ultrashort  pulse  generation  in  solid  state  lasers. 
Working  in  collaboration  with  Professors  Erich  P. 


Ippen  and  Hermann  A.  Haus,  we  have  developed  a 
new  modelocking  technique  called  additive  pulse 
modelocking  (APM)  and  demonstrated  it  in  a  wide 
variety  of  systems  including  the  Ti:Al203  laser  as 
well  as  the  diode  pumped  Nd:YAG  and  Nd.YLF 
lasers.^2  We  have  also  developed  theoretical  des¬ 
criptions  of  short  pulse  generation  to  explain  the 
fundamental  mechanisms  for  pulse  shaping  in 
lasers  as  well  as  to  provide  design  criteria  for  new 
laser  systems.*® 

Over  the  last  year,  one  of  the  major  areas  of  inves¬ 
tigation  has  been  to  explore  the  factors  which  limit 
the  shortest  pulse  durations  that  can  be  generated 
from  lasers.  We  have  explored  the  role  of  higher 
order  intracavity  dispersion  in  limiting  the  pulse 
duration  from  Ti;Al203  lasers  and  developed  a 
novel  technique  for  controlling  third  order  intracavity 
dispersion  using  a  thin  film  Gires-Tournois  Interfe¬ 
rometer.  This  allowed  us  to  build  a  laser  with  inde¬ 
pendently  adjustable  second  and  third  order 
dispersion  which  generated  a  record  pulsewidth  of 
28  fs.*^  Subsequently,  other  techniques  to  minimize 
intracavity  dispersion  have  been  developed  and 
currently  11  fs  pulses  can  be  generated  directly 
from  a  Kerr-Lens-Modelocked  Ti:Al203  laser.*® 


1.10.2  Kerr  Lens  Modelocking  for  High 
Power  Pulse  Generation  in  Nd:YLF 

Recently  a  new  short  pulse  generation  technique 
has  been  developed  based  on  the  use  of  self- 
focusing  (Kerr  lens)  effects  which  can  produce  a 
fast  saturable  absorber  like  action.*®  This  technique 
is  called  Kerr  lens  modelocking  (KLM)  and  has  had 
a  major  impact  on  the  development  of  third  genera¬ 
tion  solid  state  lasers.  Our  group  has  been  investi¬ 
gating  new  techniques  for  KLM  including  the 
development  of  monolithically  integrated  nonlinear 
mirrors  for  KLM  as  well  as  theoretical  descriptions 


22  H.A.  Haus,  J.G.  Fujimoto.  and  E.P.  Ippen,  "Structures  for  Additive  Pulse  Modelocking,’  J.  Opt.  Soc.  Am.  B  8:  2068  (1991);  J. 
Goodberiet,  J.  Wang,  J.G.  Fujimoto,  and  P.A.  Schulz,  "Femtosecond  Passively  Modelocked  Ti;Al203  Laser  with  a  Nonlinear  External 
Cavity,"  Opt.  Lett.  14:  1125  (1989);  J.  Goodberiet,  J.  Jacobson,  J.G.  Fujimoto,  P.A.  Schulz,  and  T.Y.  Fan,  "Self-Starting  Additive- 
Pulse  Mode-Locked  Diode-Pumped  Nd:YAG,"  Opt.  Lett.  15;  504  (1990). 

23  H.A.  Haus,  J.G.  Fujimoto,  and  E.P.  Ippen,  "Structures  for  Additive  Pulse  Modelocking,'  J.  Opt.  Soc.  Am.  B  8:  2068  (1991);  H.A. 
Haus.  J.G.  Fujimoto,  and  E.P.  Ippen,  "Analytic  Theory  of  Additive  Pulse  and  Kerr  Lens  Mode  Locking,"  IEEE  J.  Quant.  Electron.  28: 
2086  (1992). 

2<  J.M.  Jacobson,  K.  Naganuma,  H.A.  Haus,  J.G.  Fujimoto,  and  A.G.  Jacobson.  "Femtosecond  Pulse  Generation  in  a  TkALOs  Laser  by 
Using  Second  and  Third  Order  Intracavity  Dispersion,"  Opt.  Lett.  17: 1608  (1992). 

25  M.T.  Asaki,  C.P.  Huarrg,  D.  Garvey,  J.  Zhou,  H.C.  Kapteyn,  and  M.  M.  Murnane,  "Generation  of  11  fs  Pulses  from  a  Self-Mode- 
Locked  Ti:Sapphire  Laser,"  Opt.  Lett.  19:  977  (1993). 

25  D.K.  Negus,  L.  Spineili,  N.  Goldbtatt,  and  G.  Feuget,  ’Sub-100  fs  Pulse  Generation  by  Kerr  Lens  Modelocking  in  Ti;Al203,'  Technical 
Digest  of  the  Topical  Meeting  on  Advanced  Solid  State  Lasers  (Washington,  D.C.;  Optical  Society  of  America,  1991),  postdeadline 
paper. 
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for  self-focusing  nonlinearities  to  facilitate  the 
design  of  KLM  laser  systems.^^ 

To  date,  most  current  femtosecond  laser  geom¬ 
etries  use  the  Kerr  nonlinearity  in  the  gain  medium 
to  obtain  saturable  absorber  action.  Our  group  has 
recently  developed  a  new  nonlinear  intracavity 
device  for  passive  modelocking  which  is  called  the 
microdot  mirror.  “  The  microdot  mirror  uses  non¬ 
linear  self-focusing  that  occurs  in  a  bulk  intracavity 
element  to  produce  fast  saturable  absorber  mode¬ 
locking.  The  advantages  of  the  microdot 
modelocker  are  that  it  is  modular,  compact  and 
independent  of  pump  geometry  and  cavity  design. 

We  have  demonstrated  the  microdot  mirror  to 
modelock  an  Argon  laser  pumped  Ti:Al203  laser.^ 
Recently,  we  have  extended  the  use  of  this  novel 
modelocker  to  demonstrate  KLM  in  a  lamp-pumped 
Nd:YLF  laser^  to  achieve  pulse  durations  of  2.3  ps. 
These  pulses  are  the  shortest  pulse  durations  that 
have  been  generated  from  a  lamp  pumped  Nd.YLF 
laser  and  are  close  to  the  bandwidth  iimit  of  the 
Nd:YLF  gain  medium.  According  to  theory,  stable 
chirp-free  generation  of  puises  requires  both  satu¬ 
rable  absorber  action  and  net  negative  dispersion. 
Our  laser  incorporated  a  microdot  mirror 
modelocker  for  saturable-absorber  action  and  an 
air-space  Gires-Tournois  interferometer  for  compact 
dispersion  compensation.  The  amount  of  disper¬ 
sion  could  be  varied  by  adjusting  the  spacing 
between  the  mirrors  in  the  GTI.  This  is,  to  our 
knowledge,  the  first  demonstration  of  KLM  in  a 
lamp-pumped  laser  geometry.  We  believe  that  it 
proves  the  utility  of  the  microdot-mirror  technique  to 
modelock  lamp-pumped  lasers  and  thus  has 
important  implications  for  the  development  of  high 
power  modelocked  lasers. 

We  are  currently  investigating  the  scalability  of  KLM 
into  another  regime— that  of  compact,  high  rep-rate 
iaser  geometries.  This  effort  is  motivated  by  the 
need  for  compact,  reliable  and  diode-pumpable 
femtosecond  laser  geometries.  In  current  KLM 
laser  designs,  the  primary  hindrance  to  the  achieve¬ 
ment  of  compactness  is  operation  in  the  negative 


dispersion  regime  and  the  cons^uent  use  of  a 
prism  pair.  Another  possible  regime  of  operation 
which  we  are  exploring  is  the  positive  dispersion 
regime,  where  by  enhancing  the  saturable  absorber 
action  to  self-phase-modulation  ratio  one  can  in 
principle  achieve  stable  short  pulse  generation. 
Theory  has  shown  that  this  r^uires  working  close 
to  the  geometrical  stability  limit  of  the  laser,  and  we 
are  examining  the  experimental  validity  of  this 
concept  for  femtosecond  laser  design.  A  concur¬ 
rent  approach  to  the  problem  is  the  development  of 
novel  and  compact  ways  of  providing  dispersion 
compensation  using  novel  laser  geometries. 


1.11  Cavity  Dumping  Techniques  for 
Modeiocked  Ti:Al203  Lasers 

For  many  applications,  it  is  desirable  to  generate 
high  intensity  ultrashort  pulses  for  studies  of  non¬ 
linear  phenomena.  Several  amplification  tech¬ 
niques  have  recently  been  developed  to  extend  the 
range  of  available  pulse  energies  from  Ti:Al203 
laser  sources.  However,  the  requirement  of  mul¬ 
tiple  stages  and/or  multiple  pump  lasers  makes 
these  oscillator-plus-amplifier  systems  complex  and 
relatively  expensive.  Further,  the  repetition  rate  of 
many  of  these  sources  is  in  the  kHz  range  and  is 
low  enough  to  limit  detection  sensitivity  for  ultrafast 
measurements. 

To  address  these  issues  we  have  studied  cavity 
dumping  as  an  alternative  approach  to  amplification 
for  generating  increi^ed  pulse  energies.  Cavity 
dumping  maintains  the  performance  advantages  of 
modelocked  Ti:Al203  lasers  in  terms  of  stability, 
tunability  and  pulse  duration,  while  providing  a  sig¬ 
nificant  increase  in  pulse  peak  power  at  variable 
repetition  rates.  We  have  performed  what  is  to  our 
knowledge  the  first  demonstration  of  cavity  dumping 
in  a  femtosecond  Ti:Al203  laser.^  Because  solid 
state  lasers  have  relatively  small  gain  cross 
sections  and  high  saturation  energies,  a  signifcant 
increase  in  intracavity  puise  energy  can  be 
achieved  using  high  Q  cavities.  Our  cavity  dumper 
was  an  acousto-optic  Bragg  cell  placed  in  an  intra- 


27  D.  Huang,  M.  Ulman,  L.H.  Adoli,  M.A.  Haus,  and  J.G.  Fujimoto,  'Self-Focusing  Induced  Saturable  Loss  for  Laser  Modelocking,’  Opt. 
Lett.  17;  511  (1992);  G.  Gabetta,  0.  Huang,  J.  Jacobson,  M.  Ramaswamy,  E.P.  Ippen,  and  J.G.  Fujimoto,  'Femtosecond  Puise 
Generation  in  Ti:Al203  Using  a  Microdot  Mirror  Mode  Locker,’  Opt.  Lett.  17;  547  (1992). 

2s  G.  Gabetta,  D.  Huang,  J.  Jacobson,  M.  Ramaswamy,  E.P.  Ippen,  and  J.G.  Fujimoto,  'FemtosecorKl  Pulse  Generation  in  Ti.AIiOj 
Using  a  Microdot  Mirror  Mode  Locker,'  Opt.  Lett.  17;  SA7  (1992). 

29  M.  Ramaswamy,  A.S.  Gouveia-Neto,  D.K.  Negus,  J.A.  Izatt,  and  J.G.  Fujimoto,  '2.3  ps  Pulses  from  a  Kerr-Lens  Mode-Locked  Lamp- 
Pumped  Nd;YLF  Laser  with  a  Microdot  Mirror,'  Opt.  Lett.  18;  1825  (1993). 

30  M.  Ramaswamy,  M.  Ulman,  J.  Paye,  and  J.G.  Fujimoto,  'Cavity-Oumped  Femtosecond  Kerr-Lens  Mode-Locked  Ti;Ali03  Laser,'  Opt. 
Lett.  18;  1822  (1993). 


1 10  RLE  Progress  Report  Number  136 


Chapter  1 .  Optics  and  Quantum  Electronics 


cavity  focus.  Pulse  durations  as  short  as  50  fs  with 
pulse  energies  as  high  as  100  nj  have  been 
achieved  at  repetition  rates  as  high  as  950  kHz. 
The  dumping  process  is  non-resonant  and  does  not 
limit  the  bandwidth  of  the  laser  down  to  the  50  fs 
level.  The  resultant  peak  powers  of  1  MW  are  suffi¬ 
cient  to  permit  the  study  of  a  wide  range  of  non¬ 
linear  optical  effects. 

This  technique  should  prove  to  be  an  attractive  and 
relatively  simple  approach  for  high  intensity  short 
pulse  generation  for  a  wide  range  of  ultrafast 
studies.  The  limitation  on  the  available  pulse  ener¬ 
gies  was  imposed  in  our  system  by  the  multiple- 
pulse  instabilities  that  tend  to  arise  at  high  pulse 
energies.  Electro-optic  dumping  techniques,  which 
we  plan  to  investigate  in  future  experiments,  may 
be  able  to  achieve  higher  pulse  energies. 


1 .1 1 .1  Modelocking  Techniques  for 
Transient  Flashlamp  Pumped  ThAhOs 
Lasers 

Nearly  all  short  pulse  TiAbOa  lasers  to  date  have 
been  cw  modelocked  systems  with  relatively  low 
pulse  energies.  Short  pulse  energies  in  the  range 
of  microjoules  to  millijoules  can  be  attained  using 
regenerative  and  multipass  amplifier  systems. 
Multistage  chirped  pulse  amplification  techniques 
can  produce  short  pulse  energies  up  to  the  joule 
range.  While  these  techniques  achieve  excellent 
performance,  they  require  multiple  pump  lasers  for 
the  oscillator  and  amplifier. 

In  order  to  develop  a  simple  economical  high  peak 
power  laser  source,  we  have  investigated  mode¬ 
locking  in  a  pulsed  flashlamp  pumped  Ti:Al203 
laser.  Modelocking  transient  systems  are  extremely 
challenging  because,  unlike  cw  lasers,  the  pulse 
energy  evolves  rapidly.  Pioneering  studies  on  tran¬ 
sient  modelocking  were  performed  in  flashlamp 
pumped  Ruby  and  Nd:Glass  lasers  almost  three 
decades  ago.®’  Performances  of  50  mJ,  1  nsec  and 
1  mJ,  50  psec,  respectively,  were  achieved  in  these 
lasers  using  saturable  absorber  dyes  whose  excited 


state  lifetimes  were  fast  compared  to  the  pulse 
durations  obtained.  The  next  generation  of  mode- 
locked  sources  obtained  shorter  pulse  durations  in 
quasi  cw  operation  with  "slow”  saturable  absorbers 
using  a  combination  of  saturable  absorption  and 
saturable  gain.  These  techniques  were  used  in 
both  pulsed  and  cw  pumped  configurations,  eventu¬ 
ally  reaching  pulse  durations  as  short  as  30  fs  in 
the  colliding  pulse  modelocked  laser.  Relatively 
few  investigations  of  modelocking  have  been  per¬ 
formed  in  flashlamp  pumped  TicAIzOs.  Mode¬ 
locking  with  saturable  absorber  dyes®®  and 
intracavity  second  harmonic  generation®®  have  been 
demonstrated  and  resulted  in  relatively  long  pulse 
durations  of  -100  ps.  With  the  development  of 
new  modelocking  techniques  based  on  solid-state, 
intracavity  nonlinear  modulators,  it  is  now  possible 
to  develop  high  performance  modelocked  pulsed 
TiiAIzOs  laser  technology. 

In  the  transient  TirAbOa  system,  pre-saturation 
exponential  growth  of  the  pulse  belies  traditional 
modelocking  techniques,  since  pulse  energy 
changes  dynamically  in  time.  In  addition,  relaxation 
oscillations  arise  from  the  high  gain  and  limit  the 
time  available  for  pulse  shortening  to  just  a  few  fjs, 
on  the  order  of  the  excited  state  lifetime  in  TiiAIzOs. 
We  have  modelocked  flashlamp  pumped  TirAIzOa 
using  hybrid  active/passive  modelocking  that  com¬ 
bines  different  intracavity  pulse  shaping  mech¬ 
anisms  in  order  to  obtain  optimal  pulse  shortening 
during  the  buildup  time  of  the  transient  laser  pulse. 
Active  modeiocking  is  effective  for  rapidly  short¬ 
ening  pulses  which  are  long  compared  to  the  modu¬ 
lation  period,  while  in  fast  saturable  absorber 
modelocking,  pulse  shortening  increases  with 
increasing  intensity.  We  have  employed  an 
acousto-optic  modulator  (AOM)  to  provide  active 
modelocking.  When  the  AOM  is  the  only  mode¬ 
locking  element  pulses  with  durations  of  100  ps  can 
be  generated.  In  order  to  further  reduce  the  pulse 
duration  we  have  employed  an  antiresonant  semi¬ 
conductor  Fabry-Perot  saturable  absorber  (AFPSA) 
as  a  cavity  end  mirror  for  fast  saturable  absorber 
pulse  shaping.®^  The  combined  active  and  passive 
modelocking  allows  the  production  of  5  ps  pulses  at 


31  H.W.  Mocker  and  R.J.  Collins,  "Mode  Competttion  and  Self-Locking  Effects  in  a  Q-Switched  Ruby  Laser,'  Appl.  Rhys.  Lett.  7:  270 
(1965);  A.J.  DeMaria,  D.A.  Stetser,  and  H.  Heynau,  'Self  Mode-Locking  of  Lasers  with  Saturable  Ateorbers,'  A^.  Rhys.  Lett.  8: 174 
(1966). 

33  S.  Oda,  V.  Segawa,  and  N.  Kodama,  'Passive  Mode  Locking  of  a  Flashlamp-Pumped  Ti;Sapphire  Laser,'  Jap.  J.  Appl.  Rhys.  28: 
1977  (1989). 

33  K.  Hamai,  K.A.  Stankov,  H.  Jelinkova,  I.  Prochazka,  and  M.  Koselja,  'Mode-Locking  of  a  Flashlamp  Pumped  Ti:sapphire  Laser  using 
the  Frequency  Doubling  Nonlinear  Array,'  paper  presented  at  International  Symposium  on  Ultrafast  Processes  in  Spectroscopy, 
Bayreuth,  Germany,  1991;  Inst.  Rhys.  Cent.  Ser.  126,  Sec.  1,  pp.  59-62. 

U.  Keller  and  T.H.  Chiu,  'Resonant  Passive  Mode-Locked  Nd:YLF  Laser,"  IEEE  J.  Quant.  Electron.  28:  t7t0  (1992). 
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a  single  pulse  energy  of  ~  20  pJ.  Extension  of  this 
work  to  higher  pulse  energies  is  underway.  By 
scaling  the  mode  size  on  the  saturable  absorber 
and  by  cavity  dumping,  single  pulse  energies  in  the 
millijoule  range  should  be  obtainable. 

The  hybrid  modelocking  technique  demonstrated  is 
not  constrained  to  any  one  particular  modelocking 
mechanism.  Other  fast  saturable  absorbers  in  com¬ 
bination  with  optical  limiters  and  energy  integrating 
nonlinearities  may  be  used  to  produce  picosecond 
pulses  in  the  millijoule  range  throughout  the  tuning 
bandwidth  of  TiiAIzOa.  In  addition,  the  excellent 
mode  quality  of  this  laser  should  allow  the  pro¬ 
duction  of  powerful  blue-green  and  ultraviolet 
pulses  through  efficient  harmonic  generation. 


1.11.2  Modelocking  Techniques  for  High 
Power  Diode  Arrays 

High  power,  picosecond  pulses  are  of  interest  for 
optical  communications  and  signal  processing  appli¬ 
cations.  The  highly  efficient  and  compact  nature  of 
semiconductor  diode  lasers  makes  these  sources 
attractive  for  generating  short  optical  pulses.  Active 
modelocking  of  single-stripe  diodes  at  high  modu¬ 
lation  frequencies  can  produce  subpicosecond 
pulses.  However,  the  power  available  from  mode- 
locked  single-stripe  diodes  is  limited.  More  power 
can  be  made  available  for  modelocking  by  use  of 
large-area  diode  arrays  or  broad-area  lasers. 
However,  the  large  capacitance  of  broad-area 
lasers  and  diode  arrays  makes  high  frequency  mod¬ 
ulation  difficult,  limiting  the  pulse  widths  that  can  be 
achieved  from  active  mode  locking.  Another 
method  for  generating  short  pulses  is  passive  mode 
locking  with  a  saturable  absorber  created  by  ion 
implantation  of  one  diode  facet.  Passively  mode- 
locked  ion-implanted  diode  arrays  have  been  dem- 
onstrated.^s  if,  instead,  the  saturable  absorber  is 
independent  of  the  laser  structure,  it  can  be  custom 
designed  for  optimal  saturation  and  recovery  char¬ 
acteristics.  Single-stripe  devices  have  been  mode- 
locked  in  an  external  cavity  using  a 
multiple-quantum-well  (MOW)  saturable  absorber.^® 
Without  external  amplifiers,  the  maximum  average 
power  was  limited  to  1  mW. 


It  is  desirable  to  have  a  source  for  generating  high- 
power  picosecond  pulses  that  offers  both  simplicity 
and  flexibility  of  design.  We  have  developed  a 
simple,  compact,  high  power  picosecond  pulse 
source  consisting  of  a  400  ^m  wide  MQW  broad- 
area  laser  and  a  patterned  MQW  sample  providing 
both  saturable  absorption  and  spatial  mode  control. 
To  our  knowledge,  this  is  the  first  demonstration  of 
a  hybrid  mode-locked  broad-area  semiconductor 
laser  with  an  MQW  saturable  absorber  in  an 
external  cavity.  The  absorber  that  we  have  used  is 
custom  tailored  for  our  desired  absorption  and  is 
grown  under  conditions  that  ensure  a  fast  recovery 
time.  Our  external  cavity  is  limited  to  only  a  few 
optical  elements  including  an  output  coupler,  satu¬ 
rable  absorber,  and  lenses. 

Our  saturable  absorber  is  a  low-temperature  (LT) 
(«300°C)  molecular-beam-epitaxy-grown  AIGaAs- 
GaAs  MQW  structure.  The  LT  MQW  structure  is 
grown  on  top  of  a  dielectric  mirror  stack  grown  on  a 
GaAs  substrate.  In  other  diode  mode-locking 
experiments  that  used  a  MQW  saturable  absorber, 
the  GaAs  substrate  was  removed  and  the  absorber 
was  epoxied  to  a  high  reflection  mirror.^  Here  we 
have  the  ability  to  design  the  dielectric  mirror  and 
integrate  it  monolithically  with  the  MQW  saturable 
absorber.  This  approach  was  demonstrated  previ¬ 
ously  for  saturable  absorber  mode  locking  of  solid 
state  lasers.^^  Stable  modelocking  requires  that  the 
loss  both  saturate  and  recover  faster  than  the  gain. 
Previously,  proton  bombardment  and  tight  focusing 
methods  were  used  to  speed  up  the  recovery  time 
of  the  saturable  absorber.  We  rely  on  the  low- 
temperature  MBE  growth  to  provide  a  fast  recovery 
time. 

Replacing  a  single-stripe  diode  laser  with  a  broad- 
area  semiconductor  laser  introduces  the  issue  of 
mode  control  in  order  for  light  to  be  well  focused 
onto  the  saturable  absorber.  We  have  developed  a 
novel  method  for  achieving  this  mode  control.  The 
MQW  sample  is  patterned  into  microdots  using  a 
selective  chemical  etch.  By  translating  the  sampie, 
we  lase  on  dots  of  increasingly  smaller  diameter, 
which  act  as  apertures,  forcing  the  laser  to  operate 
in  a  few  of  the  lowest  order  modes. 


35  j.  Zarrabi,  E.  Portnoi,  and  A.  Chelnokov,  "Passive  Mode  Locking  of  a  Multistripe  Single  Quantum  Well  GaAs  Laser  Diode  with  an 
Intracavity  Saturable  Absorber,"  Af^l.  Phys.  Lett.  59;  1526  (1991);  A.  Chelnokov,  J.-M.  Lourtioz,  and  P.  Gavrilovic,  "Ultrashort  Pulses 
in  Diffraction-Limited  Beam  from  Diode  Laser  Arrays  with  External  Cavity,"  Electron.  Lett.  29:  861  (1993). 

36  P.  Smith,  Y.  Silberberg,  and  D.A.B.  Miller,  "Mode  Locking  of  Semiconductor  Diode  Lasers  Using  Saturable  Excitonic  Nonlineaiities," 
J.  Opt.  Soc.  Am.  B  2:  1228  (1985);  P.  Delfyett,  L.  Florez,  N.  Stoffel,  T.  Gmitter,  N.  Arxireadakis,  Y.  Silberberg,  J.  Heritage,  and  G. 
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The  MOW  sample,  which  is  divided  into  a  unpat- 
temed  region  and  a  microdot  region,  is  mounted 
onto  an  aluminum  mirror.  The  effects  of  saturable 
absorption  and  mode  control  are  evidenced  by 
modelocking  with  the  Al  mirror,  the  unpatterned 
MOW,  and  the  microdot  yielding  pulse  durations  of 
51,  37,  and  15  ps,  respectively.  The  15  ps  result 
was  obtained  by  hybrid  modelocking  at  593  MHz, 
with  average  power  of  9  mW,  and  peak  power  of  1 
W.“  Lasing  on  an  ~13pm  dot  yielded  the  best 
result.  The  largest  dots  provided  insufficient  mode 
control,  resulting  in  pulses  comparable  to  those 
obtained  with  the  unpatterned  MOW.  The  smaller- 
diameter  dots  on  our  sample  were  damaged  by  the 
etching  process.  Recently,  we  have  improved  our 
processing  by  moving  to  a  microstripe  geometry 
patterned  using  ion-assisted  etching. 

Pump-probe  measurements  of  our  MOW  sample 
revealed  a  recovery  time  of  ~10  ps.  We  believe 
additional  pulse  shortening  may  be  realized  by 
using  a  faster  recovery  time  MOW  saturable 
absorber  produced  by  lower  temperature  growth. 
MOW  samples  grown  at  200°C  and  250°C  are  cur¬ 
rently  being  investigated. 


approaches,  the  SRA  can  be  used  to  directly 
measure  nonamplified  pulses  at  the  output  of  a 
femtosecond  laser.  We  have  demonstrated  the 
SRA  technique  using  our  regeneratively  mode- 
locked  KLM  TiiAIzOs  laser  as  a  source  of  pulses. 
We  believe  that  this  diagnostic  technique  will  be 
useful  in  applications  such  as  the  generation  of  very 
short  pulses  or  pulse  compression,  where  accurate 
information  about  the  amplitude  and  phase  of 
pulses  is  essential. 

1.13  Ultrafast  Phenomena  in  Materials 
and  Devices 
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1.12  Spectrally  Resolved 
Autocorrelation  for  Femtosecond 
Diagnostics 

While  the  field  of  ultrashort  pulse  generation  has 
progressed  rapidly,  measurement  techniques  for 
femtosecond  pulses  are  still  relatively  inadequate. 
Currently,  temporal  measurement  techniques,  such 
as  intensity  autocorrelation,  determine  pulse  dura¬ 
tion  by  making  assumptions  about  the  pulse  shape. 
Spectral  domain  measurements  do  not  provide  ade¬ 
quate  information  to  retrieve  the  complete  temporal 
profile.  We  have  recently  addressed  this  issue  by 
developing  and  experimentally  demonstrating  a  new 
method  for  the  complete  determination  of  the  ampli¬ 
tude  and  phase  of  femtosecond  pulses.® 

Our  method,  called  spectrally  resolved  autocorrela¬ 
tion  (SRA),  is  both  convenient  and  accurate  and 
relies  on  a  simple  measurement  of  the  spectrum  of 
the  second-harmonic  generated  in  a  conventional 
autocorrelation  setup.  A  robust  iterative  algorithm 
is  then  used  to  retrieve  the  complex  temporal  ampli¬ 
tude  of  the  pulse  from  the  SRA.  In  contrast  to  other 
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1.13.1  Femtosecond  Carrier  Dynamics  in 
GaAs  -  AIGaAs 

We  have  established  a  multidisciplinary 
collaborative  program  to  investigate  ultrafast 
dynamics  in  semiconductor  materials  and  devices. 
Our  approach  incorporates  state-of-the-art  exper¬ 
imental  femtosecond  laser  measurements  and  the¬ 
oretical  ensemble  Monte  Carlo  simulation.  The 
combination  of  experimental  and  theoretical  studies 
at  an  advanced  level  has  allowed  us  to  form  an 
accurate  and  detailed  description  of  ultrafast  carrier 
dynamics  in  semiconductors. 

Our  collaboration  is  based  on  femtosecond  laser 
experiments  performed  at  MIT  and  Monte  Carlo 
simulations  and  other  analysis  performed  at  the 
University  of  Florida  in  Professor  C.J.  Stanton's 
solid  state  theory  group.  We  expect  that  this 
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project  will  ultimately  enable  us  to  predict  the  ultra¬ 
fast  dynamics  of  carriers  in  a  wide  range  of  semi¬ 
conductors,  engineered  materials,  and  devices. 
This  knowledge  has  broad  reaching  significance 
beyond  fundamental  interest  because  the  carrier 
dynamics  in  a  given  semiconductor  determine  the 
physical  limits  of  device  speed.  Since  carriers 
scatter  as  fast  as  once  every  few  femtoseconds, 
accurate  models  and  relevant  experiments  must 
explore  phenomena  on  a  femtosecond  time  scale. 
Experimentally  femtosecond  pulsed  lasers  are 
required,  and  Monte  Carlo  simulation  has  proven  to 
be  the  most  effective  analytical  technique. 

Working  within  this  collaborative  framework,  we  per¬ 
formed  a  study  on  AIGaAs  using  a  tunable  femto¬ 
second  source.^  In  this  work,  we  developed  a 
source  of  optical  pulses  as  short  as  40  femto¬ 
seconds  tunable  in  wavelength  from  the  red  to  the 
near  infrared.  We  used  the  tunable  source  to 
excite  carriers  to  a  sequence  of  different  initial  dis¬ 
tributions  in  the  conduction  band.  Then  we  probed 
the  evolution  of  these  carrier  distributions.  The 
carrier  distribution  changes  rapidly  via  carrier-carrier 
scattering  and  relaxes  in  energy  by  phonon  emis¬ 
sion.  We  used  the  mole  fraction  of  aluminum  in 
AIGaAs  as  an  additional  parameter  to  control  the 
possible  mechanisms  by  which  the  carrier  distribu¬ 
tion  evolves.  For  example,  we  picked  AI(o.i)Ga(o.9)As 
in  an  effort  to  isolate  the  effects  of  electron  inter¬ 
valley  scattering.  Intervalley  scattering  is  a  funda¬ 
mental  process  that  is  responsible  for  many  high 
field  transport  properties  in  GaAs  and  AIGaAs.  Pro¬ 
fessor  Stanton's  group  at  the  University  of  Florida 
simulated  our  results  and  created  a  model  that  pre¬ 
dicts  the  behavior  we  observed  over  a  wide  range 
of  initial  carrier  energies. 

A  colliding  pulse  modelocked  ring  dye  laser  is  at 
the  heart  of  our  apparatus.  It  generates  optical 
pulses  as  short  as  35  femtoseconds.  These  pulses 
are  amplified  to  microjoule  energies  in  a  two  stage 
dye  amplifier  that  is  pumped  by  a  copper  vapor 
laser.  The  amplified  pulses  are  focused  into  a 
flowing  jet  of  ethylene  glycol  to  generate  a  femto¬ 
second  white  light  continuum.  The  continuum  is 
then  filtered  in  a  Fourier  grating  filter  which  selects 
the  desired  wavelength  and  bandwidth  pulse  corre¬ 
sponding  to  the  energy  and  spread  in  energy  of 


photoexcited  carriers.  We  have  recently  improved 
our  system  by  replacing  the  copper  vapor  laser  with 
a  diode  pumped,  Q-switched,  frequency  doubled 
Nd:YLF  laser.*'  Its  all  solid  state  design  offers 
improved  reliability  and  ease  of  use  compared  to 
the  copper  vapor  laser. 

Recently,  we  performed  an  experiment  to  examine 
the  dynamics  of  carriers  in  the  presence  of  a  back- 
grourid  cold  carrier  plasma.*^  This  experiment 
approximates  the  conditions  found  in  diode  lasers 
and  is  complementary  to  the  diode  laser  exper¬ 
iments  described  in  the  next  section.  Our  exper¬ 
iments  use  0.2  micron  thick  bulk  samples  so  it  is 
possible  for  us  to  use  shorter  pulses  than  are  used 
in  standard  diode  experiments  where  the  sample  is 
several  hundred  microns  long  and  dispersion  limits 
resolution.  We  use  a  three  pulse  pump-probe  tech¬ 
nique  in  which  the  third  pulse,  the  "prepulse,"  is 
focused  on  the  sample  a  few  hundred  picoseconds 
before  the  pump-probe  measurement  is  performed. 
The  prepulse  is  far  enough  ahead  of  the  other 
pulses  that  the  carriers  it  generates  have  time  to 
cool  to  the  lattice  temperature,  but  not  so  advanced 
that  those  carriers  have  time  to  recombine.  By 
using  samples  with  different  mole  fractions  of  alu¬ 
minum,  we  were  able  to  lune"  the  semiconductor 
instead  of  varying  the  laser  wavelength.  We  inves¬ 
tigated  dynamics  above  and  below  the  Fermi  level 
established  by  the  cold  plasma  and  the  effect  of 
intervalley  scattering.  We  found  that  the  cold 
plasma  increases  the  hot  carrier  thermalization  rate 
by  only  a  small  amount  and  that  this  rate  is  slower 
than  the  intervalley  scattering  rate.  We  are  contin¬ 
uing  these  experiments  with  our  tunable  laser 
system  to  better  resolve  the  dynamics  in  energy. 

The  theoretical  modeling  of  our  results  is  under¬ 
taken  in  three  steps.  First,  the  semiconductor  band 
structure  is  calculated.  Next,  the  evolution  of  the 
carrier  distribution  function  is  tracked  by  a  Monte 
Carlo  simulation  solution  to  the  Boltzmann  Trans¬ 
port  Equation.  Finally,  the  differential  change  in 
transmission  versus  pump-probe  delay— the  exper¬ 
imental  results— are  predicted.  It  is  necessary  to 
undertake  this  procedure  in  a  large  computer  simu¬ 
lation  because  there  are  many  optical  transitions 
and  scattering  channels  that  must  be  considered. 
Monte  Carlo  simulation  is  the  only  way  to  extract 
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information  about  the  carrier  distributions  from  our 
experimental  data.  The  simulation  also  permits  us 
to  artifidaliy  vary  the  strength  of  various  scattering 
mechanisms  to  determine  the  sensitivity  of  the  data 
to  various  processes.  We  have  found  that  our 
models  accurately  predict  the  results  of  our  tunable 
experiments  over  the  full  range  of  initial  carrier 
energies  that  we  investigated. 


1.13.2  Carrier  Dynamics  in  InGaAs  Strained 
Layer  Diodes 

Nonlinear  gain  and  transient  carrier  dynamics  in 
diode  lasers  play  important  roles  in  laser  linewidth, 
modulation  baridwidth,  amplification,  and  short 
pulse  generation.  Picosecond  and  femtosecond 
pump  probe  measurements  of  nonlinear  gain 
dynamics  were  performed  in  bulk  GaAs,  InGaAsP 
MOW,  and  InGaAs/InGaAsP  strained-layer  MOW 
amplifiers."  These  studies  have  shown  that  non¬ 
equilibrium  carrier  temperature  effects  play  a  domi¬ 
nant  role  in  nonlinear  gain  and  carrier  dynamics. 
Carrier  temperature  changes  are  caused  by  a 
number  of  processes  including  state  filling  produced 
by  stimulated  transitions,  free  carrier  ateorption, 
and  two  photon  absorption.  Previous  studies" 
have  shown  that  free  carrier  absorption  dominates 
carrier  heating  processes.  As  ~  150  fs  relaxation 
time  had  been  observed  which  was  attributed  to 
either  spectral  hole  burning  or  turn  on  delay  of  free 
carrier  heating.  In  addition  to  nonlinear  gain,  carrier 
dynamics  also  produce  nonlinear  index  effects  such 
as  self  phase  modulation.  Recently,  several  new 
experimental  techniques  such  as  bias  lead  moni¬ 
toring,"  time  domain  interferometry,"  and 
heterodyne  detection"  have  been  developed  to 
study  carrier  dynamics  in  waveguide  device.  These 


techniques  are  based  on  conventtonal  sir^le- 
wavelength  pump-probe  geometry.  No  multi^e- 
wavelength  pump-probe  measurements  have  been 
reported. 

Recently,  we  invented  a  new  technique  for  per¬ 
forming  independent  multiple  wavelength  pump- 
probe  measurement  in  waveguide  devices."  The 
output  of  a  Kerr  lens  mode-locked  TiAIzOs  laser 
was  coupled  to  an  optical  fiber  for  self-phase- 
modulation  spectral  broadening.  Two  spectral  win¬ 
dowing  assemblies,  which  can  select  frequency  and 
pulsewid^,  were  used  after  the  fiber  to  produce 
synchronous  different-frequency  pump  and  probe 
pulses.  The  pump  and  probe  wavelength  can  be 
varied  independently  and  thus  energy  relaxation 
dynamics  can  be  explicitly  measured.  This  method 
represents  a  new  and  powerful  approach  for  per¬ 
forming  ultrafast  experimental  studies. 

Working  in  collaboration  with  investigators  at  MIT 
Lincoln  Laboratory,  we  have  performed  the  first 
carrier  dynamics  studies  in  InGaAs/AIGaAs 
strained-layer  quantum  well  diode  lasers.  Strained- 
layer  quantum  well  devices  represent  one  of  the 
most  active  and  technologically  promising  areas  of 
current  optoelectronics  device  research.  With 
epitaxial  growth  of  nonlattice-matched  materials, 
strained-layer  materials  provide  an  added  degree  of 
freedom  to  band  structure  engineering  and  device 
fabrication  and  design.  High  power,  high  efficiency, 
long  lifetime,  and  low  threshold  current  density 
semiconductor  iasers  have  been  achieved  in  the 
laboratory  by  InGaAs  strained  layer  devices  in  the 
past  few  years. 

The  sample  used  for  the  studies  is  a  broad-area 
InGaAs/AIGaAs  graded-index  separate-confinement 
heterostructure  single  quantum  well  (GRIN-SCH 
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SOW)  ridge  waveguide  diode  laser*  with  a 
bandgap  near  960  nm.  Femtosecond  gain  dynamics 
was  investigated  using  a  multipie-wavelength  pump 
probe  technique.’^  Studies  were  performed  by  fixing 
the  pump  and  probe  waveleng^  and  varying  the 
bias  current  so  that  gain,  transparency,  and  absorp¬ 
tion  were  produced  at  the  pump  waveiength. 
Studies  demonstrate  that  carrier  temperature 
changes  mediated  both  free-carrier  absorption 
and  stimulated  transitons  strongly  govern  transient 
gain  dynamics.  The  energy  of  the  pump  wave¬ 
length  relative  to  the  transparency  point  determines 
which  process  dominates  the  transient  response. 
In  contrast  to  previous  studies,^'  our  investigations 
show  that  free  carrier  heating  piays  a  much  weaker 
roie  in  determining  carrier  temperature  dynamics 
than  stimulated  transition  effects.  Stimulated  transi¬ 
tion  induced  carrier  cooling  was  observed  in  the 
absorption  region  which  represents  the  first  obser¬ 
vation  of  carrier  cooling  in  GaAs  based  devices. 

In  collaboration  with  theoretical  physicists  at  Univer¬ 
sity  of  Florida,  Gainesville,  a  detailed  theoretical 
model  for  gain  dynamics  was  developed  to  aid  in 
the  interpretation  of  these  results.”  In  the  model, 
transient  gain  and  differential  transmission  are  com¬ 
puted  in  a  multiband  effective  mass  model  for  the 
quantum  well  bandstructure  and  optical  matrix  ele¬ 
ments  including  biaxial  strain,  valence  subband 
mixing,  and  polar  optical  phonon  scattering  both 
within  and  between  subbands.  Transient 
photogeneration  of  electron  hole  pairs  by  the  pump 
pulses  and  subsequent  relaxation  of  earners  by 
polar  optical  phonon  scattering  are  calculated  in  a 
Boltzmann  equation  framework.  Good  agreement 
between  the  experiments  and  theoretical  calcula¬ 
tions  were  obtained,  with  the  exception  of  the  fea¬ 
tures  seen  in  the  experimental  data  from  two 


photon  absorption  and  spectral  hole  burning.  We 
find  that  the  dominant  scattering  mechanism  is  lon¬ 
gitudinal  polar  optical  phorwn  scattering,  and  sthnu- 
lated  transitions  play  an  important  role  in  carrier 
dynamics. 

An  increased  understanding  of  the  physical  mech¬ 
anisms  of  gain  dynamics  from  carrier  temperature 
changes  is  important  for  the  design  of  new  devices. 
In  particuiar,  the  reduction  of  carrier  heati^  has 
important  implications  for  reducing  parasitic  gain 
saturature  effects  in  short  pulse  modelocked  laser 
diodes  and  amplifiers. 


1.13.3  Nonaquillbrium  Electron  Dynamics 
In  Metals 

Studies  of  interactions  of  free  carriers  between 
themselves  and  with  their  environment  constitute 
one  of  the  major  problems  of  solid  state  physics. 
This  has  been  addressed  directly  in  the  time 
domain  employing  femtosecond  techniques  both  in 
semiconductors  and  metals.  Of  particuiar  interest  is 
the  case  of  metals  which  display  a  very  high  elec¬ 
tron  density  whose  behavior  can  be  modeled  on  rel¬ 
atively  simple  bseis.  The  possibility  of  creating  and 
probing  a  transient  nonequilibrium  electron  popu¬ 
lation  in  metal  with  ultrashort  laser  pulses  has  been 
demonstrated  by  different  groups.”  In  previous 
experiments,  electron-electron  interactions  were 
assumed  to  be  sufficiently  fast  to  thermalize  the 
electron  gas  on  a  time  scale  of  the  order  or  shorter 
than  the  laser  pulse  duration,  although  some  devi¬ 
ations  from  an  instantaneous  response  were 
obsenred.”  Recent  investigations  using  transient 
photoemission  have  demonstrated  the  existence  of 
non-Fermi  electron  distribution  with  thermalization 
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times  as  long  as  600  fs.”  These  results  were 
obsen/ed  in  gold  film  for  large  changes  of  the  elec¬ 
tron  temperature  (of  the  order  of  400°K)  with  a 
limited  time  resolution.  Similar  conclusions  were 
drawn  at  lower  laser  fluence  by  analyzing  the  tem¬ 
perature  dependence  of  the  optically  measured 
electron-phonon  interaction  time  in  gold  and  silver.^* 


In  order  to  analyze  the  effect  of  the  non- 
instantaneous  electron-electron  interaction  on  the 
optical  response  of  a  metal  film,  recently  we  have 
performed  transient  reflectivity  and  transmissivity 
measurements  in  the  very  low  perturbation  regime 
(AT~  3°K).s^  In  contrast  to  previous  experiments, 
we  develop  a  high  sensitivity  multiple  waveler^h 
femtosecond  pump-probe  technique.  A  nonequilib¬ 
rium  electron  distribution  was  excited  by  free  carrier 
absorption  with  a  infrared  pulse  from  a  mode-locked 
Ti:Al203  laser  with  120  fs  pulsewidth  and  880  nm  - 
1065  nm  wavelength.  The  relaxation  dynamics 
were  followed  by  measuring  the  transient  reflectivity 
and  transmissivity  using  frequency  doubted  probe 
pulses  in  the  visible,  440  nm  -  532.5  nm,  corre¬ 
sponding  to  the  energy  between  the  d-band  and 
Fermi  surface.  This  technique  permits  a  more 
definitive  measurement  of  electron  dynamics  by 
separating  the  effects  of  pump  induced  transitions 
from  those  monitored  by  the  probe.  In  addition,  by 
tuning  of  the  probe  wavelen^h,  the  transient  elec¬ 
tron  distribution  can  be  monitored  close  to  Fermi 
surface  where  the  optical  property  changes  are 
maximum.  This  renders  the  measurement  very 
sensitive  and  permits  weak  perturbations  of  the 
electron  distribution.  In  this  condition,  the  system 
response  is  linear,  and  the  measured  changes  in 
reflectivity  and  transmissivity  can  be  directly  related 
to  the  electron  distribution.  This  is  in  contrast  to 
previous  transient  reflectivity  and  transmissivity 
measurements  which  probe  the  distribution  far 


away  from  the  Fermi  surface  and  thus  necessitate 
targe  perturbations  of  the  electron  gas.  Exper¬ 
iments  were  performed  in  optically  thin  (200  A)  goid 
films,  because  the  band  structure  of  ^Id  is  rela¬ 
tively  well  known  and  electron  diffusion  effects  can 
be  neglected.  The  high  stability,  high  repetition  rate 
and  tunability  of  the  TiiAlaOs  laser  allows  measure¬ 
ments  at  very  low  pump  fluence  inducing  electron 
temperature  changes  only  of  the  order  of  few 
Kelvins. 

Measurements  show  evidence  for  non-Fermi  elec¬ 
tron  distribution  with  an  electron  thermalization  time 
of  ~  500  fs  and  an  electron-lattice  cooling  time  of  1 
ps.  independent  of  the  laser  fluence  in  the  range  of 
2.5  mJ/cm*  -  200  mJ/cm*  (corresponding  to  esti¬ 
mated  peak  temperature  change  3-200°IQ.  Mea¬ 
surements  were  also  performed  in  an  optic^ly  thick 
sample  (1200  d^rees).  The  apparent 
thermalization  dynamics  of  the  electron  gas  is  much 
faster  and  is  shown  to  be  dominated  by  transport 
effects.® 

Recently,  we  developed  a  three-coupled  rate 
equation  model®  based  on  an  extension  of  the 
classical  model  of  Anisimov.®  The  electron  gas  dis¬ 
tribution  changes  are  separated  into  thermalized 
and  non-thermalized  parts  that  are  both  coupled  to 
the  lattice.  The  diffusion  in  an  optically  thin  sample 
is  neglected.  Combined  with  spectral  lineshape 
analysis,  the  experimental  data  indicates  the 
existance  of  a  spectrally  broad  initial  non-Fermi  dis¬ 
tribution  relaxed  around  ~  300  fs  through  the  inter¬ 
action  with  both  electron  gas  and  lattice  system. 
The  thermalization  time  through  interaction  with 
electron  gas  is  on  the  ~  500  fs  time  scale  and  the 
relaxation  time  through  the  interaction  with  lattice  is 
on  the  ~  1  ps  time  scale,  separately.  At  energy 
close  to  the  Fermi  surface,  long  thermalization 
times  on  the  order  of  1  to  2  ps  are  observed  from 
the  reduction  of  the  electron-electron  scattering 
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rates.  The  different  line-shapes  at  different  time 
delays  reflect  the  lattice  contribution. 

The  estimated  electron  thermalization  time  is  com¬ 
parable  to  the  previous  estimations.''  On  the  basis 
of  the  very  high  electron  density  of  metals,  one 
would  expect  very  fast  electron-electron  inter¬ 
actions.  However,  the  interaction  efficient  is  con¬ 
siderably  reduced  by  phase  space  filling  which 
blocks  most  of  the  energetically  possible  interaction 
channels  and  by  screening  which  considerably 
reduces  the  efficiency  of  the  Coulombic  interaction. 
An  overall  thermalization  time  of  few  hundred  fem¬ 
toseconds  can  be  estimated  on  the  basis  of  the 
Fermi  liquid  theory.  Our  results  are  significant 
because  they  provide  some  of  the  first  detailed 
information  on  non-Fermi  electron  dynamics  in 
metal  and  demonstrate  new  experimental  tech¬ 
niques  for  their  investigations. 


1.13.4  Time  Gated  Scanning  Tunneling 
Microscopy 

Femtosecond  laser  technology  enables  the  highest 
time  resolution  measurements  of  solid  state  phe¬ 
nomena  possible  today.  In  the  past  decade  femto¬ 
second  lasers  have  progressed  from  specialized 
systems  to  a  commercially  available  technology  that 
is  now  widely  applied  in  physics  and  chemistry. 
Similar  development  has  occured  in  scanning  probe 
microscopy.  Since  the  invention  of  the  scanning 
tunneling  microscope  in  1982  atomic  resolution 
images  of  surfaces  have  become  more  and  more 
routine  every  year.  In  our  program  on  time 
resolved  scanning  tunneling  microscopy  we  intend 
to  combine  the  ultrafast  time  resolution  of  femto¬ 
second  lasers  with  the  atomic  spatial  resolution  of 
scanning  probe  microscopes.  The  goal  is  to 
develop  an  instrument  that  can  perform  highly  local¬ 
ized  measurements  in  four  dimensions  simultane¬ 
ously. 

In  a  scanning  tunneling  microscope  (STM)  a  sharp 
metal  tip  is  positioned  a  few  angstroms  from  the 
surface  under  investigation.  An  electrical  bias  is 
applied  between  the  tip  and  the  surface.  When  the 
tip  is  close  to  the  surface  a  small  current  will  tunnel 


from  the  tip  to  the  sample.  The  size  of  this  current 
depends  exponentially  on  the  distance  between  the 
tip  and  the  surface.  In  the  constant  current  mode 
of  operation,  a  feedback  loop  controls  the  height  of 
the  tip  above  the  surface  to  maintain  a  constant 
tunneling  current.  This  height  is  recorded  as  the  tip 
is  scanned  across  the  sample  and  a  topographic 
map  of  the  surface  results.  In  fact,  the  map  shows 
the  surface  of  constant  electronic  density  of  states, 
however  the  corrugations  do  not  correspond  directly 
to  atomic  positions. 

If  the  tunneling  current  in  an  STM  could  be  gated 
on  a  femtosecond  time  scale,  it  might  be  possible 
to  observe  nonequilibrium  surface  effects  or 
perform  ultrafast  spectroscopy  on  single  atoms  or 
quantum  dots.  OiUier  investigators  have  tried  to 
gate  the  tunneling  bias  with  photoconductive 
switches.  Some  studies  have  focused  on  the  appli¬ 
cation  of  high  speed  SPM  to  circuit  sampling.'^  Pre¬ 
liminary  experiments  of  this  type  have  reported 
picosecond  time  resolution."  In  these  experiments 
factors  that  limit  the  time  resolution  include 
spreading  of  the  electrical  pulse  on  its  transmission 
line  and  the  capacitance  of  the  tip  sample  junction. 

We  are  pursuing  a  different  method  of  gating  the  tip 
which  is  based  on  creating  a  nonequilibrium  carrier 
distribution  in  the  tip,  the  sample  or  both.  We  know 
from  our  studies  of  hot  electrons  in  metals  and 
semiconductors  that  a  photoexdted  hot  carrier  dis¬ 
tribution  relaxes  significantly  within  100  femto¬ 
seconds  and  thermalizes  in  approximately  1 
picosecond.  We  expect  that  tunneling  will  be  signif¬ 
icantly  different  from  a  hot  electron  distribution  than 
from  an  equilibrium  distribution.  We  are  testing  this 
concept  with  an  equal  pulse  correlation  technique 
using  an  amplified  femtosecond  laser  system. 
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1.14.1  Optical  Coherence  Tomography 
Technology 

The  development  of  optical  coherence  tomography 
(OCT)  has  led  to  a  high-resolution  imaging  tech¬ 
nology  for  biological  tissues.^  An  incident  optical 
beam,  which  is  reflected  or  backscattered  from 
tissue  structures  of  varying  optical  density,  is  used 
to  construct  an  image.  Time  delays  associated  with 
the  returned  light  yield  useful  information  about  both 
the  depth  and  reflectance  of  the  structures.  OCT  is 
analogous  to  ultrasound  imaging,  but  offers  a  non- 
invasive,  non-contact  system.  With  10  pm  resoiu- 
tion,  OCT  provides  better  than  10  times  the 
resoiution  of  current  tomographic  imaging  technolo¬ 
gies  such  as  CT,  MRI,  and  ultrasound  B  mode 
imaging. 

OCT  technology  utilizes  iow  coherence  interfer¬ 
ometry  to  obtain  the  depth  information  of  the  tissue. 
Two  arms  comprise  the  interferometer.  A  sample 
arm  represents  the  distance  to  the  biological  tissue 
while  the  reference  arm  includes  a  translating 
mirror.  When  the  optical  path  lengths  between  the 
two  arms  are  matched  to  within  the  coherence 
iength  of  the  iight  source,  fringes  appear  as  an 
output.  The  translation  of  the  reference  mirror  pro¬ 
duces  a  1-D  depth  reflectivity  profile  of  the  tissue. 
This  interferometric  ranging  technique  is  called 
optical  coherence  domain  reflectometry  (OCDR).®® 
Using  opticai  heterodyne  detection  with  the  applica¬ 
tion  of  noise-reduction  techniques  originally  devel¬ 
oped  for  optical  communication,  a  sensitivity  of  100 
dB  is  possible  for  detecting  the  iight  reflected  from 
the  tissue. 


A  scanning  mechanism  using  mirrors  mounted  on 
computer-controlled  galvonometers  enables  precise 
lateral  positioning  of  the  beam.  Two-dimensional 
cross-sectional  maps  of  the  tissue  backscattering 
magnitude  are  obtained  when  the  beam  is  scanned 
in  a  predetermined  pattern.  Software  routines 
selectively  scan  the  beam  in  either  a  linear  mode 
for  slice  images  or  a  circular  mode  for  circum¬ 
scribing  about  selected  tissue  structures  such  as 
the  optic  nerve  head  of  the  eye.  The  data  can  be 
digitally  filtered  and  later  presented  with  false-color 
or  gray  scale  as  an  optical  coherence  tomograph. 

Our  development  of  the  OCT  technology  and  its 
integration  into  the  clinical  setting  has  been  acceler¬ 
ated  by  the  strong  collaborative  effort  between  the 
research  facilities  at  MIT,  the  Optical  Communica¬ 
tions  Group  at  MIT  Lincoln  Laboratories,  and  the 
clinical  facilities  at  the  New  England  Eye  Center  of 
the  Tufts  University  School  of  Medicine.  Recent 
OCT  advancements  in  the  area  of  ophthalmology 
have  improved  the  system's  capabilities  and  ease 
of  use.  The  system  utilizes  compact  and  inexpen¬ 
sive  fiber-optic  technology,  including  a  fiber-optic 
interferometer,  to  deliver  and  receive  the  super- 
luminescent  diode  laser  light  to  and  from  the 
subject.  The  scanning  and  imaging  optics  have 
been  retrofitted  onto  an  ophthalmic  slit-lamp 
biomicroscope  to  not  oniy  simplify  the  deiivery 
system,  but  also  make  the  technology  portable  and 
compatible  with  existing  ophthalmic  instrumentation. 
The  200  pW  incident  optical  power  on  the  retina  is 
consistent  with  a  conservative  interpretation  of  the 
American  National  Standard  Institute  (ANSI)  guide¬ 
lines  for  safe  laser  retinal  exposure.  These  guide¬ 
lines  have  been  foliowed  throughout  the 
development  process  to  ensure  future  patient 
safety. 

Hardware  improvements  have  reduced  the  amount 
of  time  necessary  for  acquiring  a  scan.  By 
improving  the  scan  mechanism  with  the  addition  of 
a  lightweight  feedback  controlled  retroreflector  and 
modifying  the  data  processing  circuitry  and  control¬ 
ling  software,  only  2.5  s  are  required  to  obtain  a  1 5 
mm  linear  cross-sectional  scan.  This  short  scan 
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time  reduces  the  likelihood  of  eye  motion  artifacts  in 
the  data  as  well  as  the  patient's  discomfort.  Addi¬ 
tional  software  improvements  have  provided  real¬ 
time  updating  color  displays  of  the  acquired  data. 
This  feedback  is  critical  for  alignment  procedures 
and  necessary  if  specific  ocular  structures  must  be 
scanned. 

We  have  also  developed  a  high-resolution  OCT 
system  which  uses  the  broad  bandwidth  of  argon- 
pumped  TiiAUOa  fluorescence.  The  130  nm  band¬ 
width  of  the  fluorescence,  centered  at  790  nm, 
provides  a  coherence  length  down  to  3  /im.  This 
shorter  coherence  length  should  provide  a  three¬ 
fold  increase  in  depth  resolution.  Presently,  we  are 
in  the  process  of  acquiring  these  higher-resolution 
images.  Further  work  on  this  new  laser  source  will 
increase  the  power  of  the  fluorescence  thereby 
reducing  the  acquisition  time  and  increasing  the 
signal-to-noise  ratio  of  the  data. 

Development  of  the  OCT  system  will  progress 
toward  a  more  clinically  and  patient  friendly  medical 
instrument  that  will  not  only  prove  to  be  a  vital  diag¬ 
nosis  tool  for  the  physician,  but  also  a  multifaceted 
research  device  for  the  scientist.  Success  with  this 
technology  in  both  the  laboratory  and  clinical  envi¬ 
ronment  has  placed  OCT  on  the  verge  of  becoming 
a  viable  new  biomedical  imaging  modality. 


1.14.2  Optical  Coherence  Tomography  in 
Ophthalmic  Diagnosis 

In  collaboration  with  investigators  at  the  New 
England  Eye  Center  of  the  Tufts  University  Medical 
School,  we  have  been  investigating  OCT  as  a  new 
ophthalmic  imaging  instrument  in  both  the  anterior 
and  posterior  eye.  Several  features  make  OCT 
particularly  attractive  for  imaging  ocular  tissue  in 
comparison  to  existing  ophthalmic  examination 
techniques.  OCT  is  non-contact  and  has  superior 
resolution  to  conventional  clinical  ultrasound.  In 
contrast  to  both  scanning  laser  tomography  and 
scanning  laser  ophthalmoscopy,  the  axial  resolution 
of  OCT  only  depends  on  the  temporal  coherence 
properties  of  the  source  and  not  on  the  pupil-limited 
numerical  aperture  of  the  eye  or  ocular  aberrations. 
Micron  scale  axial  resolution  is  particularly 
important  for  the  early  diagnosis  and  monitoring  of 


degenerative  retinal  diseases.  We  have  developed 
an  OCT  system  which  is  integrated  with  a  standard 
slit-lamp  biomicroscope  for  in  vivo  tomography  of 
the  anterior  and  posterior  eye.**  OCT  probe  light  is 
directed  into  the  eye  with  a  pair  of  orthogonally 
mounted,  computer  controlled  galvanometric  scan¬ 
ning  mirrors,  enabling  arbitrary  transverse  scanning 
patterns.  The  probe  beam  focus  is  coincident  with 
the  slit-lamp  image  plane  which  allows  simul¬ 
taneous  scanning  and  operator  visualization  of  the 
eye  through  either  the  slit-lamp  ocular  or  an 
attached  CCD  camera.  For  tomography  of  the 
anterior  eye,  the  structure  of  interest  is  placed 
directly  at  the  probe  beam  focus.  Images  of  the 
posterior  eye  are  obtained  in  a  manner  similar  to 
indirect  ophthalmoscopy,  whereby  a  78  diopter  Volk 
lens  placed  in  front  of  the  eye  is  used  to  relay  an 
image  of  the  retina  to  the  slit-lamp  image  plane.  A 
computer  monitor  provides  a  real-time  display  of  the 
tomograph  in  progress,  which  for  retinal  images  is 
fully  updated  every  2.5  seconds. 

In  the  anterior  eye,  the  micron  scale  lateral  and  lon¬ 
gitudinal  resolution  of  OCT  permits  highly  accurate 
biometry  of  large  scale  ocular  structures,  as  well  as 
the  evaluation  of  changes  in  cellular  morphology 
associated  with  pathologies  of  the  cornea,  iris,  and 
lens.  High  sensitivity  is  important  to  detect  weak 
backscattering  from  within  nominally  transparent 
structures  such  as  the  cornea  and  lens.  We  have 
obtained  in  vivo  OCT  tomographs  of  the  full  anterior 
chamber  from  normal  human  subjects.®^  These 
tomographs  accurately  profile  the  gross  morphology 
of  large-scale  structures  such  as  the  cornea,  iris, 
lens  anterior  capsule,  and  lens.  Clinically  relevant 
measurements  may  be  obtained  directly  from  these 
images,  and  include  anterior  chamber  depth  and 
angle,  corneal  thickness  and  curvature,  and 
refractive  power.  These  measurements  have 
potential  applications  in  contact  lens  fitting,  post¬ 
cataract  surgery  intraocular  lens  implant  power  cal¬ 
culations,  real-time  monitoring  of  keratorefractive 
surgery,  and  the  monitoring  and  quantification  of 
keratitis,  corneal  edema,  intraocular  tumors,  and 
angle-closure  glaucoma. 

Full-scale  tomographs  provide  information  on  the 
large  scale  morphology  of  anterior  segment  struc¬ 
tures.  By  narrowing  the  field  of  view,  we  can  obtain 
high  resolution  OCT  images  of  ocular  microstruc- 
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ture  which  may  provide  important  histopathological 
information  concerning  disease  progression  and  the 
healing  process  in  vivo.  For  example,  in  initial 
studies  we  have  used  OCT  to  evaluate  the  damage 
and  healing  due  to  laser  thermokeratoplasty  (LTK) 
of  the  cornea,  a  relatively  new  therapy  currently 
under  study  for  the  treatment  refractive  errors  of  the 
eye.“  An  in  vivo  OCT  tomograph  taken  one  month 
post-operatively  of  an  LTK  treatment  in  a  rabbit 
cornea  shows  an  area  of  increased  reflectivity 
clearly  demarcating  the  radial  extent  and  pene¬ 
tration  depth  of  the  thermal  damage.  Several 
important  features  of  the  healing  process  are  also 
documented,  including  visualization  of  the  single¬ 
cell  layer  endothelium  and  regrowth  and  thickening 
of  the  epithelium  above  the  lesion. 

The  high  resolution  and  high  sensitivity  of  OCT  in 
the  posterior  eye  makes  it  uniquely  suited  for  clin¬ 
ically  relevant  tomography  of  the  human  retina.  We 
have  produced  high-resolution  retinal  tomographs  of 
the  foveal  and  optic  disk  regions  of  human  subjects 
in  vivo  in  under  2.5  s.  In  addition  to  providing 
important  topographical  information,  such  as  optic 
disk  cupping,  these  tomographs  can  discriminate 
the  layered  structure  of  the  retina  and  normal  ana¬ 
tomic  variations  in  retinal  nerve  fiber  layer  thickness 
and  retinal  thickness.^^  These  measurements  dem¬ 
onstrate  higher  resolution  in  the  posterior  eye  than 
can  be  obtained  with  any  other  noninvasive  imaging 
technique,  and  may  be  directly  applicable  to  the 
early,  objective  diagnosis  and  monitoring  of  a 
variety  of  degenerative  retinal  diseases,  including 
glaucoma,  macular  degeneration,  macular  hole,  and 
macular  edema. 

In  collaboration  with  physicians  at  the  New  England 
Eye  Center,  we  have  recently  initiated  studies  of 
macular  and  optic  nerve  head  pathology  with  OCT 
in  human  patients.  These  tomographs  provide  the 
first  high-resolution  cross-sectional  images  of  retinal 
pathology  in  living  human  patients.  OCT  imaging  of 
the  foveal  region  appears  promising  for  the  diag¬ 
nosis  and  monitoring  of  macular  disease.  We  have 
obtained  tomographs  from  patients  suffering  from 


retinal  detachment,  retinoschisis,  and  macular  hole. 
In  contrast  to  fundus  photography  or  flourescein 
angiography  which  both  require  relatively  skilled 
interpretation,  in  each  of  these  cases  the  cross- 
sectional  view  of  the  OCT  tomograph  permitted 
direct  visualization  of  the  detachment,  loss  of  retina, 
or  serous  cavity,  and  allowed  facile  diagnosis  of  the 
pathology.  OCT  may  also  be  useful  for  clinical 
imaging  of  the  optic  nerve  head  and  peripapillary 
region,  where  quantitation  of  retinal  and  RNFL 
thickness  is  directly  relevant  to  the  early  diagnosis 
and  treatment  of  glaucoma.  Unlike  tonometry, 
visual  field  testing,  or  optic  nerve  head  cupping, 
OCT  measurements  of  nerve  fiber  layer  thickness 
and  loss  may  be  able  to  provide  an  objective,  early 
indicator  of  glaucoma  onset.^  In  preliminary 
studies,  we  have  profiled  retinal  thickness  in  both 
normal  and  glaucomatous  eyes  with  tomographs 
taken  in  circular  scans  around  the  optic  disk. 
These  images  show  nerve  fiber  layer  loss  in 
patients  with  severe  glaucoma.  Additional  study  is 
required  to  assess  whether  OCT  has  the  measure¬ 
ment  reproducibility  to  quantify  the  small  reductions 
in  nerve  fiber  layer  thickness  that  occurs  early  in 
disease  progression. 

We  plan  to  continue  our  investigations  of  clinically 
relevant  tomography  with  OCT  in  both  the  anterior 
and  posterior  eye.  In  particular,  OCT  is  promising 
in  the  early  diagnosis  of  macular  edema  and 
degeneration.  Macular  edema  manifests  as 
increased  retinal  thickness,  which  is  difficult  to 
assess  with  slit-lamp  observation  or  fundus  photog¬ 
raphy,  and  is  poorly  correlated  with  fluorescein 
leakage.^'  OCT  can  provide  images  of  retinal  thick¬ 
ness  with  micron-scale  axial  resolution,  potentially 
permitting  increased  diagnostic  sensitivity  and 
quantitative  assessment  of  the  degree  and  localiza¬ 
tion  of  retinal  thickening.  The  early  clinical  diag¬ 
nosis  of  age-related  macular  degeneration,  the 
leading  cause  of  new  blindness  in  the  elderly  in 
industrialized  countries,  depends  on  the  detection  of 
choroidal  neovascular  membranes  which  often  form 
before  the  onset  of  vision  loss.  Although 
fluorescein  angiography  is  highly  sensitive  to 
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leakage  through  these  permeable  membranes, 
angiography  may  not  always  accurately  localize  the 
leakage  source,  thus  preventing  the  accurate 
delivery  of  photocoagulation  therapy.”  The  high 
transverse  resolution  of  OCT  may  provide  a  useful 
adjunct  to  angiography  by  pinpointing  the  location 
of  the  anatomic  defect  and  aiding  in  the  delivery  of 
efficient  therapy.  These  studies  suggest  that  with 
further  development,  OCT  has  the  potential  to 
become  a  standard  ophthalmic  diagnostic  tool  for 
the  examination  of  both  the  anterior  and  posterior 
eye. 


1.14.3  Optical  Coherence  Microscopy 

Optical  coherence  microscopy  (OCM)  is  a  new 
method  for  coherent  confocal  microsopy  which  uses 
low-coherence  interferometry  to  enhance  optical 
sectioning  in  highly  scattering  media.  In  OCM, 
improved  confocal  imaging  is  achieved  through  high 
detection  sensitivity  and  high  contrast  rejection  of 
out-of-focus  light.  OCM  is  an  adaptation  of  optical 
coherence  tomography  (OCT),  a  technique  devel¬ 
oped  in  our  laboratory  which  has  recently  been 
demonstrated  for  noninvasive,  micron  scale  resolu¬ 
tion  cross-soctional  imaging  in  the  eye  and  other 
biological  tissues.”  The  extension  of  this  technique 
to  confocal  microscopy  offers  the  potential  for 
micron-resolution  imaging  deep  into  highly  scat¬ 
tering  media  such  as  skin  and  endoscopically 
accessible  tissues,  and  may  make  possible  the 
development  of  a  new  form  of  noninvasive  "optical 
biopsy." 

The  implementation  of  OCM  combines  aspects  of 
confocal  microscopy  and  low-coherence  interfer¬ 
ometry.  In  our  setup,  a  scanning  confocal  micro¬ 
scope  is  implemented  using  a  single  mode  optical 
fiber  as  the  confocal  aperture  for  both  illumination 
and  light  collection.  The  confocal  microscope  com¬ 
prises  the  sample  arm  of  a  single  mode  fiber  optic 
Michelson  interferometer,  illuminated  with  broad 
bandwidth  light  from  a  superluminescent  diode 
source.  In  the  interferometer,  light  collected  from 
the  sample  is  combined  in  a  fiber-optic  beamsplitter 
with  light  returning  from  a  ca^brated  length  refer¬ 


ence  arm,  generating  an  interferometric  signal  only 
when  the  distance  to  a  scattering  site  in  the  sample 
matches  the  reference  arm  length  to  within  the 
source  coherence  length  (18  FWHM).  By 
matching  the  reference  arm  length  to  the  sample 
arm  focal  plane  distance,  image  light  from  the  focal 
plane  is  strongly  selected  against  scattered  light 
which  has  traversed  other  path  lengths.  The  opera¬ 
tion  of  OCM  is  analogous  to  optical  heterodyne 
detection  providing  high  sensitivity  and  high 
dynamic  range  (>  1 00  dB)  detection  of  image  light. 

The  sensitivity  of  the  OCM  to  light  from  the  focal 
region  falls  off  exponentially  with  axial  distance, 
rather  than  geometrically  as  in  a  conventional 
confocal  microscope.”  This  rapid  fall  off  is  pro¬ 
duced  by  the  roughly  Gaussian  shape  of  the 
superluminescent  diode  source  spectrum,  which 
yields  an  exponential  decay  of  the  coherence  func¬ 
tion.  This  high  rejection  of  light  from  outside  the 
focal  volume  provides  the  potential  for  confocal 
imaging  deep  into  scattering  media  with  exponential 
attenuation  such  as  biological  tissues. 

We  have  demonstrated  the  advantage  of  coherence 
gating  for  imaging  absorbing  stnjctures  embedded 
in  highly  scattering  media  in  scattering  phantoms  as 
well  as  preliminary  studies  in  biological  tissues  in 
vitro.  High  contrast  two-dimensional  images  of 
absorbers  placed  in  a  highly  scattering  tissue 
phantom  have  been  obtained,  even  though  the 
backscatter  signal  at  the  absorber  depth  was  over¬ 
whelmed  by  light  scattered  from  other  planes. 
Purely  confocal  images  of  the  same  sample  con¬ 
tained  no  image  information.  Preliminary  images  of 
internal  tissue  microstructure  have  been  obtained  in 
mammalian  gastro-intestinal  tissues  in  vitro.  These 
images  illustrate  delineation  of  epithelial  and  sub- 
epithelial  layers  in  soft  tissues  and  differentiation  of 
collagenous  and  cartilagenous  materials  in 
heterogenous  tissue  samples. 

We  have  developed  a  single-backscatter  theoretical 
model  to  describe  coherent  confocal  imaging  in 
highly  scattering  media  both  with  and  without  coher¬ 
ence  gating.  This  model  has  been  used  to  identify 
and  predict  fundamental  limits  to  the  imaging  capa- 
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bilities  of  both  confocal  microscopy  and  OCM  in 
highly  scattering  media.  Assuming  typical  micro¬ 
scope  optical  parameters,  predictions  suggest  that 
OCM  can  extend  the  range  of  confocal  imaging 
from  approximately  5  to  approximately  1 5  scattering 
mean-free-paths  of  sample  depth.  This  range  of 
penetration  is  sufficient  to  permit  imaging  of  many 
microstructural  features  near  the  surfaces  of  tissues 
which  would  be  of  clincal  and  histopathological 
interest. 

These  preliminary  studies  show  promise  for 
obtaining  acceptable  contrast  confocal  images  up  to 
several  hundred  microns  deep  (or  up  to  three  times 
the  depth  of  confocal  microscopy)  for  high  resolu¬ 
tion  imaging  in  medical  applications.  OCM  may 
thus  provide  a  substantial  advantage  for  imaging 
without  the  need  for  biopsy  in  biological  tissues. 


1.14  4  The  Ultrashort  Pulse  Laser  Scalpel 

Successful  appKoation  of  short  optical  pulses  for 
noninvasive  cutting  of  intraocular  structures  is  well 
established.  Laser  induced  breakdown  allows 
photodisruption  or  cutting  of  intraocular  structures 
without  intervening  surgical  incisions.  To  date,  the 
majority  of  clinical  applications  of  laser  induced 
optical  breakdown  have  utilized  nanosecond  pulses 
in  the  millijoule  energy  range  and  single  pulse 
exposures.^®  However,  mechanical  side  effects  of 
laser  induced  breakdown  with  nanosecond  sources 
pose  potential  hazards  to  adjacent  ocular  structures 
and  tissues.  Our  investigations  have  demonstrated 
that  significant  reduction  of  collateral  tissue  damage 
may  be  achieved  through  the  use  of  ultrashort 
pulses.  These  studies  are  part  of  an  ongoing  col¬ 
laboration  between  investigators  at  MIT,  the  New 
England  Eye  Center  of  New  England  Medical 
Center  Hospitals,  and  the  Wellman  Laboratories  of 
Photomedicine  at  Massachusetts  General  Hospital. 

We  have  studied  and  compared  the  mechanisms, 
scaling  behavior,  and  tissue  effects  of  single  pulses 
in  the  nanosecond  and  picosecond  ranges.^®  At 
comparable  deposited  energies,  the  damage  zones 
resulting  from  optical  breakdown  induced  by 
nanosecond  and  picosecond  pulses  are  compa¬ 
rable;  however,  the  threshold  energy  for  breakdown 


is  much  lower  for  picosecond  pulses,  and  near¬ 
threshold  picosecond  pulses  produce  greatly 
reduced  collateral  damage  zones.  Ultrashort  pulses 
with  high  peak  intensities  can  produce  plasma- 
mediated  ablation  of  transparent  tissues,  such  as 
the  cornea.  Picosecond  and  femtosecond  pulse 
durations  have  been  demonstrated  to  produce 
much  smoother  excision  edges  and  less  damage  to 
the  adjacent  tissue  than  nanosecond  pulses. 

Following  these  ir  itial  studies,  we  have  developed  a 
clinically  viable  picosecond  laser  scalpel  based  on  a 
modelocked,  Q-switched  Nd:YAG  laser  with 
external  pulse  selection.  This  laser  delivers  single 
too  picosecond  duration  pulses  at  a  repetition  rate 
variable  from  3  to  1000  Hz;  each  pulse  produces 
minimal  collateral  damage,  while  multiple  pulses 
produce  a  cumulative  incision  effect.  To  optimize 
highly  localized  photodisruption  in  transparent  struc¬ 
tures  using  laser  induced  breakdown  we  have  also 
developed  a  new  laser  technology  based  on 
flashlamp  pumped  titanium-sapphire.  Flashlamp 
pumped  solid  state  lasers  feature  higher  pulse 
energy  and  lower  cost  compared  to  cw  laser 
pumped  lasers.  As  described  in  another  section  of 
this  report,  the  present  laser  produces  picosecond 
pulses  with  energies  in  the  microjoule  range. 
Picosecond  pulses  in  the  millijoule  range  should 
become  available  as  a  result  of  our  ongoing 
research. 

In  addition  to  direct  modelocking  we  are  also  devel¬ 
oping  a  variable  pulse  duration,  regeneratively 
amplified  titanium-sapphire  laser.  A  20  fs,  80  MHz, 
nj  energy  Kerr-lens- modelocked  oscillator  is  being 
incorporated  as  a  seed  laser  for  chirped-pulse 
regenerative  amplification  in  the  flashlamp-pumped 
titanium-sapphire  rod.  The  completed  laser  will 
have  variable  pulse  duration  (20  fs  -  300  ps),  wave¬ 
length  tunable  (700-1000  nm)  output.  Using  this 
source,  studies  will  be  performed  to  correlate  tissue 
incision  and  collateral  injury  effects  with  laser  para¬ 
meters  (pulse  duration,  wavelength,  and  repetition 
rate).  Studies  will  include  time  resolved  measure¬ 
ments  of  the  fundamental  physical  processes  in 
optical  breakdown,  as  well  as  tissue  effects. 
Special  emphasis  will  be  placed  on  investigating 
pulse  durations  shorter  than  100  picoseconds  in 
order  to  reduce  the  pulse  energy  needed  to  achieve 
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optical  breakdown  below  the  70  microjoule  level 
used  in  our  previous  study.  This  system  will  serve 
as  a  valuable  and  unique  tool  for  optimizing  the 
localizability  and  incision  rate  for  ultrashort  pulse 
intraocular  laser  surgery. 


available  power  by  more  than  an  order  of  magni¬ 
tude.  This  conversion  should  be  completed  in  the 
coming  year.  Experiments  on  a  number  of  recom¬ 
bination  lasers  were  performed,  and  these  resulted 
in  a  very  nice  success:  we  observed  significant  gain 
(otL  ~  3  -  4)  for  the  first  time  in  H-like  B  at  262  A. 
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1.16  NMike  Nb  Studies 

Sponsor 

MIT  Lincoln  Laboratory 
Contract  BX-5098 


Project  Staff 
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Santanu  Basu,  Professor  Peter  L.  Hagelstein 

During  the  past  several  years,  our  group  has  devel¬ 
oped  an  experimental  facility  to  test  new  low-power 
"table-top"  EUV  and  soft  x-ray  lasers.  In  last  year's 
RLE  Progress  Report,  we  described  the  first  obser¬ 
vations  of  significant  gain  (0(L  ~  3)  in  Ni-like  Nb  at 
204.2  A.  Efforts  this  year  to  improve  on  this  result 
were  unsuccessful,  prompting  us  to  re-evaluate  our 
strategy  for  collisional  lasers.  The  basic  problem  is 
that  we  require  more  intensity  x  length  to  achieve 
more  gains-lengths  using  normal-incidence 
pumping:  in  response  to  this,  we  decided  to  imple¬ 
ment  a  pulse-compression  scheme  to  boost  our 


Project  Staff 

James  G.  Goodberlet,  Martin  H.  fviuendel,  Sumanth 
Kaushik,  Dr.  Santanu  Basu,  Professor  Peter  L. 
Hagelstein 

Our  first  successful  experiments  showing  gain  in 
Ni-like  Nb  at  204.2  A  (see  figure  1)  constituted  a 
major  step  forward  in  collisional  excitation  lasers, 
bringing  down  by  more  than  two  orders  of  magni¬ 
tude  the  pump  energy  requirements  per  gain  length 
for  this  type  of  laser.^  Our  initial  attempts  to 
improve  upon  these  results  led  to  damage  to  our 
preamplifier.  After  repairs,  further  attempts  at 
extending  our  results  were  unsuccessful;  neverthe¬ 
less,  these  studies  have  suggested  that  we  pursue 
a  new  strategy. 


Figure  1.  Intensity  versus  length  at  204  A  from  Basu  et  al. 


77  s.  Basu,  P.L.  Hagelstein,  J.G.  Goodberlet,  M.H.  Muendel,  and  S.  Kaushik,  ’Amplification  in  Ni-like  Nb  at  204  A  Pumped  by  a 
Tabletop  Laser,”  Appl.  Phys.  B  57:  303-307  (1993). 
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After  experiments  at  the  highest  power  resulted  in 
optical  damage  to  the  preamplifier,  we  studied  our 
system  to  understand  the  reasons  for  the  damage 
and  also  ways  to  avoid  future  damage.  The  initial 
results  of  our  studies  pointed  to  fluctuations  in 
pulsewidth  as  being  the  prime  culprit.  The 
pulsewidth  was  stabilized,  and  new  experiments 
were  done  searching  for  gain.  The  new  exper¬ 
iments  at  conditions  thought  to  be  similar  to  our 
initial  conditions  failed  to  show  high  gain.  Further 
experiments  were  done  to  understand  what  was  dif¬ 
ferent. 

Experiments  were  done  optimizing  the  line  focus, 
varying  targets  between  solid  Nb  and  Nb  on  Si 
targets,  varying  pulsewidth,  varying  Z,  varying  the 
slit  arrangement,  and  varying  intensity.^®  The 
pulsewidth  and  energy  were  carefully  measured 
and  remeasured;  the  linewidth  of  the  focus  was 
measured  to  check  for  beam  degradation. 

A  key  obsenration  was  that  there  was  a  consider¬ 
able  difference  in  the  appearance  of  the  data 
between  the  1992  experiments  and  those  in  1993. 
The  best  1992  shots  gave  1  ns  streak  camera 
images  that  often  saturated  the  film,  with  the 
204.2  A  line  lasting  for  as  long  as  1.3  ns.  The  1993 
experiments  deemed  to  be  equivalent  gave  1  ns 
streak  camera  images  that  often  needed  two  shots 
for  moderate  film  exposure,  and  the  204.2  A  line 
never  lasted  longer  than  0.75  ns. 

it  was  conjectured  that  the  energy  calibration  was  in 
error  in  1992  and  that  instead  of  pumping  with  1 
Joule  per  pulse,  the  actual  energy  was  higher. 
Experiments  were  conducted  at  higher  intensity  and 
shorter  lengths  to  attempt  to  verity  this.  At  higher 
intensity,  the  experiments  at  shorter  length  became 
comparable  in  both  brightness  and  duration  of 
204.2  A  emission.  Consequently,  we  determined 
that  the  energy  calibration  of  the  1992  experiments 
was  low  by  at  least  a  factor  of  2;  in  retrospect,  our 
best  1992  data  was  taken  at  more  like  2 
Joules/pulse! 

Theory  predicts  that  higher  total  gain-lengths 
requires  more  intensity  x  length  product.  In  late 
1992,  initial  experiments  suggested  that  higher  gain 


could  be  achieved  at  higher  energy.  This  conjecture 
was  tested  by  running  at  equal  power  with  both  60 
ps  and  at  120  ps  pulses,  with  roughly  comparable 
results  at  the  two  pulse  intensities. 

Although  we  were  not  able  to  improve  upon  our 
1992  results  in  1993.  the  results  that  we  did  get 
have  very  interesting  consequences.  If  we  could 
increase  the  pump  power  on  target,  then  we  should 
be  able  to  increase  the  number  of  gain-lengths  con¬ 
siderably.  Our  group  has  long  considered  the  pos¬ 
sibility  of  implementing  a  pulse  compression 
scheme  to  increase  the  available  energy.  It  is  now 
clear  that  this,  coupled  with  pulse  shortening,  will 
have  a  dramatic  impact  on  the  Ni-like  Nb  exper¬ 
iments.^ 
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One  area  of  research  on  the  MIT  table-top  x-ray 
laser  involved  a  study  of  amplification  in  a  recom¬ 
bining  plasma  of  H-like  boron.  The  recombination 
lasing  scheme  has  been  studied  by  several 
research  groups  in  the  field,®®  and  gain  has  been 
demonstrated  at  relatively  low  pump  energies,  <  6  J 
for  H-like  carbon.®’  The  spectral  emission  from  a 
low  Z  scheme  is  much  simpler  than  for  a  mid-Z 
Ni-like  scheme,  and  data  analysis  is  therefore 
simpler.  Also,  the  ionization  potential  for  H-like 
boron  is  about  30  percent  lower  than  for  the  Ni-like 
Nb  scheme,  which  would  favor  higher  gain  at  lower 
pumping  energy. 

We  report  here  a  measured  gain  of  a  -  3.72  cm-  ’ 
in  a  recombining  plasma  of  H-tike  boron.  The  low 
pumping  energy,  1.1  J,  and  rapid  firing  rate,  two 


7B  M.H.  Muendel,  Short  Wavelength  Laser  Gain  Studies  In  Plasmas  Produced  by  a  Small  Nd:glass  Slab  Laser,  Ph.D.  diss.,  Dept,  of 
Physics,  MIT,  1994. 

73  P.L.  Hagelstein,  ’Gain  Observations  at  204.2  A  in  Ni-like  Nb,'  Uli^ashort  Wavelength  Lasers  II,  SPIE  2012: 88  (1993). 

M  D.  Jacoby,  G.J.  Port,  S.A.  Ramsdon,  L.D.  Shorrock,  and  G.J.  Tallents,  Opt.  Comm.  37: 193  (1981);  D.  Kim,  C.H.  Skinner.  G.  Umosh, 
and  S.  Suckewer,  Opt.  Lett.  14:  665  (1969). 

8*  C.H.  Skinner,  D.  Kim.  D.  Voorhees,  and  S.  Suckewer,  'Development  of  Small-scale  Soft-X-Ray  Lasers:  Aspects  of  Data  Interpreta¬ 
tion,’  J.  Opt.  Soc.  Am.  B  7:  2042  (1990). 
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shots  per  minute,  of  our  table-top  system  permitted  determined  to  be  within  10  percent  after  finai  ampli- 

a  study  of  the  plasma  gain  profile.  We  also  fication. 

mounted  steel  blades  near  the  target  to  improve 

gain  arxi  tested  several  blade  designs.  We  found  pump  beam  was  brought  to  an  8  mm  length 

the  highest  gain  to  be  400  //m  from  the  target  focus  on  a  poiished  solid  BN  target  inside  file 

surface  when  a  blade  was  positioned  500  pm  from  vacuum  chamber.  The  width  of  the  line  focus  was 
the  surface.  measured  to  be  30  pm.  A  100  pm  x  3  mm  siit 

was  positioned  5  mm  from  the  end  of  the  line  focus 
The  experimental  arrangement  (figure  2a)  has  three  as  shown  in  figure  2b  and  used  to  view  different 

major  components.  A  pumping  laser  system,  oper-  regions  of  the  plasma.  For  most  experiments,  a 

ating  at  1.05  pm,  produces  the  x-ray  laser  plasma  steel  blade  was  positioned  just  above  the  pump 

which  is  contained  in  a  large  vacuum  chamber.  beam  line  focus  as  shown  in  the  figure.  Both  target 

X-rays  emitted  from  the  plasma  are  detected  with  a  and  blade  were  movable  as  shown.  The  target  was 

strewed  concave  grating  spectrometer  (SCGS)  translated  100  pm  between  shots.  Plasma  emis- 

which  consists  of  a  near  normal  incidence  concave  sion,  viewed  through  the  slit,  was  collected  with  a 

grating  and  an  x-ray  streak  camera.  streaked  concave  grating  spectrometer  (SCGS)  and 

recorded  on  Polaroid  667  film. 

The  pump  laser  system^  consists  of  a  Lumonics 

mode-locked  Q-switched  Nd.YLF  oscillator  which  Near  the  target  surface,  a  reflective  steel  blade  was 

produces  20  pJ,  60  ps  pulses  separated  by  7.5  ns.  oriented  to  return  unused  pump  beam  radiation 

A  single  pulse  is  selected  from  the  pulse  train  for  from  the  plasma  back  onto  the  original  line  focus 

amplification  and  beam  shaping.  A  CCD  array  is  (figure  2b).  In  addition  to  increasing  gain  via 

used  to  profile  the  pump  laser  beam,  and  the  trans-  plasma  cooling,  we  postulated  that  the  blade  might 

verse  intensity  profile  is  constant  to  within  20  also  initially  heat  the  plasma  to  a  higher  temper- 

percent  across  66  percent  of  the  1/e^  beam  width.  ature  by  reflecting  the  unused  pump  radiation  back 

Fluctuations  in  pulse  energy  and  pulse  duration  onto  the  target, 

from  the  oscillator  were  determined  to  be  within  10  .  .  -  . 

percent  by  monitoring  fundamental  and  second  har-  A  senes  of  experiments  were  performed  to  deter- 

monic  signals  as  well  as  measuring  pulse  duration  mine  the  optimal  blade  location  and  design.  With 

with  a  noncollinear  second  harmonic  autocorrelator.  pumping  energy  at  1  J,  we  observed  no  gain 

Output  from  the  oscillator  was  amplified  in  two  when  the  blade  was  <  250  pm  from  the  target 

stages  to  the  1  J  level,  and  energy  stability  was  surface.  The  12®  blade  and  bare  target,  arranged 


Figure  2a.  The  table-top  XRL  system.  The  x-ray  laser  is  driven  with  an  amplified,  mode-locked  Q-switched  Nd:YLF 
oscillator.  The  pump  laser  beam  is  focused  to  a  30  pm  wide  line  on  the  x-ray  laser  target. 


>2  M.H.  Muendel,  Short  Wavelength  Laser  Gain  Studies  In  Plasmas  Produced  by  a  Small  Nd:glass  Slab  Laser,  Ph.D.  diss.,  Oept.  of 
Physics,  MIT,  1994. 
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FIXED  SLIT 


Figure  2b.  The  table-top  XRL  system.  A  reflective  steel 
blade  is  located  near  the  target  inside  the  vacuum 
Camber.  Emission  from  the  resulting  plasma  is  viewed 
through  an  100  pm  wide  slit  with  a  streaked  concave 
grating  spectrometer  (SCGS). 

as  shown  in  figure  2b,  most  reiiabiy  produced  gain 
in  the  plasma.  With  the  blade  properly  oriented, 
gain  values  over  3  cm- '  were  repeatedly  measured. 

The  existence  of  gain  was  verified  with  several 
measurements.  In  addition  to  intensity  versus 
plasma  length  measurements  (see  figures  3  and  4), 
gain  was  determined  at  several  locations  above  the 
solid  target  surface  for  a  constant  surface-to-blade 
separation.  Also,  a  comparison  of  emission  from 
the  8  mm  plasma  source  to  emission  from  a  point 
source  was  made  (see  figure  5). 

Gain  for  the  BV  3d-2p  line  was  first  determined  by 
recording  the  line  intensity,  for  an  1  ns  time  intenral, 
at  several  different  plasma  lengths.  The  resulting 
line  intensities  at  various  len^hs  were  fit  to  the 
Linford  formula^  to  estimate  gain. 


a  is  the  small  signal  gain  coefficient  and  I  is  the 
plasma  length. 

Digitized  raw  data  from  an  intensity  versus  plasma 
length  measurement  is  represented  in  figure  3  for 
four  plasma  lengths.  The  grey  levels  of  the  photos 
were  digitally  inverted  for  darlty.  Line-outs  for  the 
spectra  are  also  shown.  The  prevalent  line  in  each 
photo  is  the  3d-2p  BV  line  at  26.2  nm,  and  the 
weak  line,  noticeable  in  the  8  mm  photo,  is  a  NV 
3s-2p  line  at  26.6  nm.  The  temporal  range  of  each 
photo  is  approximately  1  ns.  Nonlinear  growth  of 
the  BV  line  is  apparent  from  the  raw  data. 


wavelength  -♦ 
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Figure  3.  Intensity  versus  length  measurements. 
Digitized  raw  data  for  2,  4,  6  and  8  mm  plasma  lengths. 
The  line-outs  were  obtained  by  integrating  line  intensities 
over  a  600  ps  time  interval. 


>3  G.J.  Linford,  E.R.  Peressini,  W.R.  Sooy  and  M.L.  Spaeth,  Appt.  Opt.  13: 379  1974. 
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For  all  data  points,  the  fit  gives  a  small  signal  gain 
of  4.64  *  .5  cm-'.  When  the  6  mm  data  points  are 
discarded,  the  fit  gives  a  -  3.72  ±  .20  cm- '.  A  data 
set  taken  several  days  later  showed  the  same 
behavior.  We  believe  this  behavior  is  due  to  ttie  20 
percent  intensity  depression  at  beam  center,  and 
(»nservatively  estimate  the  gain  to  be  nearer  to  the 
latter  figure  of  3.72  cm-'. 

In  another  experiment,  gain  was  measured  at  dif¬ 
ferent  locations  above  the  solid  target  surface.  At 
each  location,  an  100  /rm  region  of  the  plasma  was 
viewed  through  the  slit,  and  intensity  versus  plasma 
length  measurements  were  made.  The  data, 
plotted  in  figure  6,  shows  an  optimum  region  of 
amplification  at  400  /im  from  the  target  surface. 
The  optimum  represents  a  compromise  between  an 
overdense,  hot  plasma  near  the  target  surface  and 
a  cold,  underdense  plasma  near  the  blade.  Such 
an  optimum  has  been  observed  in  other  recombina¬ 
tion  lasers.^ 


Figure  S.  Point  source  emission  versus  line  source  emission.  Emission  from  a  point  source  was  compared  to  emission 
from  an  8  mm  line  source  under  similar  pumping  conditions.  The  substantial  enhancement  of  the  BV  line  suggests  gain. 


84  s.  Suckewer,  C.H.  Skinner,  D.  Kim,  E.  Valeo,  D.  Voorhees,  and  A.  Wouters,  'Divergence  Measurements  of  Soft-X-Ray  Laser  Beam,* 
Phys.  Rev.  Lett.  57: 1004  (1986). 


Figure  4.  To  estimate  gain,  the  intensity  of  the  BV  line 
as  a  function  of  plasma  length  was  fit  to  the  Linford 
formula.  The  solid  line  is  a  fit  without  the  6  mm  data 
points. 


128  RLE  Progress  Report  Number  136 


Chaplar  1.  Optics  and  Quantwn  Electronics 


was  measured  at  several  different  heights  above  the  solid 
target  surface.  The  highest  value  of  gain  was  recorded 
about  400  pm  from  the  target  surface. 


1.18  Pump  Laser  Conversion 
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In  order  to  improve  x-ray  laser  performance,  we 
have  investigated  several  improvements  to  our 
pump  laser  system.  Particularly,  we  have  exam¬ 
ined  methods  of  enhanced  mode-locking  and 
chirped  pulse  amplification  (CPA).  These  methods 
would  improve  the  operation  of  our  pump  laser 
system  from  (1  J,  ~  60  ps)  to  (  >  3  J,  <  15  ps). 
Such  an  increase  in  pump  energy  and  intensity 
would  substantially  increase  the  x-ray  laser  gain- 
length  products.  Progress  in  the  area  of  pump 
laser  conversion,  to  higher  energy  and  shorter 
pulse,  is  described  in  the  following  sections. 


1.18.1  Oscillator  Enhancement 

It  has  been  shown  that  an  etalon  can  be  placed  in 
a  mode-locked  cavity  to  shorten  the  output  pulse.” 
The  shortening  is  a  result  of  bandwidth  broadening 
of  the  oscillator.  If  the  etalon's  transmission 
minimum  coincides  with  the  peak  gain  wavelength 
of  the  oscillator,  the  net  result  is  a  broadening  of 
the  oscillator  bandwidth.  By  adjusting  the  etalon 


thickness  and  angle,  the  cunrature  at  gain  center 
can  be  precisely  cancelled. 

The  150  Arm  thick  etalon  was  first  placed  in  the 
oscillator  cavity  and  the  output  pulse  duration  was 
measured  for  various  etalon  an^es.  The  shortest 
measured  pulse  duration  was  49  ps,  which  com¬ 
pares  to  68  ps  without  the  etalon.  The  measure¬ 
ments  were  made  with  a  bMkground-free  second 
harmonic  autooorrelator  and  are  shown  in  figure  7. 
At  the  angle  of  greatest  pulse  shortening,  the 
oscillator  threshold  increased  by  ~  40  percent. 


DELAY  (  mm  ) 


Figure  7.  Pulse  shortening  with  an  intracavity  etalon.  An 
150  pm-thick  etalon  was  ^ced  in  the  Nd:YLF  oscillator 
to  broaden  the  gain  bandwidth  and  shorten  the  output 
pulse  duration.  The  shortest  pulse  measured  was  49  ps 
which  represented  a  26  percent  pulse  width  reduction. 


1.18.2  Chirped  Pulee  Amplification 

A  method  to  shorten  the  pump  laser  pulse  duration 
and  increase  the  pulse  energy  is  chirped  pulse 
amplification  (CPA).  This  method  is  based  upon 
seif-phase  modulation  (SPM)  in  nonlinear  material, 
which  increases  pulse  bandwidth.  After  bandwidth 
broadening,  the  pulse  is  stretched  before  amplifi¬ 
cation  and  then  recompressed  to  a  shorter  pulse 
after  amplification.  The  pulse  stretching  allows 
higher  amplification  before  approaching  the  ampli¬ 
fiers  intensity  limit.  Employing  this  method,  we 
anticipate  achieving  pump  pulse  energies  of  3  J 
and  duration  of  15  ps. 

Since  self-phase  modulation  also  gives  rise  to  seif- 
focusing  in  bulk  material,  the  pulse  bandwidth 
cannot  be  arbitrarily  broadened  by  increasing  the 
material  length.  The  self-focusing  distance  can  be 
increased  by  increasing  the  beam  waist,  but  this 
increase  will  also  reduce  the  spectral  bNroadening 


M  M.W.  McGeoch,  The  Production  and  Measuremant  of  Ultrashort  Putsas  in  a  Ruby  Lasar,*  Opf.  Cow.  7(3):  1 16  (1973). 
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factor.  We  have  optimized  the  beam  waist  and 
materiai  iength  for  our  input  pulse  duration  and 
energy.  For  our  system,  the  beam  waist  in  the  SF6 
is  5^  pm,  and  the  material  length  is  2.3  cm. 

The  first  phase  of  converting  our  pump  laser  has 
been  to  generate  increased  bandwidth  via  self¬ 
phase  modulation  (SPM)  in  bulk  glass  and  to  com¬ 
press  the  frequency  broadened  pulse.  Using  60  ps, 
8  mJ  pulses  which  are  focused  to  an  intensity  of 
10'°W/cm2  in  SF6  glass,  we  have  obsenred  spec¬ 
tral  broadening  of  the  pulse  bandwidth  by  more 
than  a  factor  of  two  and  compression  of  the  pulse 
duration  by  a  factor  of  three.  Due  to  unavoidable 
optical  losses,  the  net  increase  in  pump  intensity 
presently  achieved  is  a  factor  of  2.4.  We  anticipate 
an  overall  intensity  enhancement  factor  of  10  after 
completing  the  conversion. 

Measurements  of  the  oscillator  pulse  and  com¬ 
pressed  pulse  from  a  SHG  autocorrelator  are 
shown  in  figures  8a  and  8b.  In  agreement  with 
theory,”  the  pulse  narrows  and  develops  side  lobes 
as  the  gratings  are  separated.  The  measured  com¬ 
pression  ratio  is  a  factor  of  three.  The  measured 
compression  ratio  suggests  that  the  pulse  band¬ 
width  has  been  broadened  by  at  least  a  factor  of 
three. 
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Spectral  and  temporal  features  of  our  laser  plasma 
and  x-ray  emissions  are  recorded  on  film  in  con¬ 
junction  with  an  x-ray  streak  camera.  Two  types  of 
film  are  used  for  our  analysis:  Polaroid  667  and 
Kodak  TMZ  P3200.  The  polarokJ  film  has  a 
dynamic  range  of  100  and  is  anal^ed  using  a  con¬ 
ventional  flatbed  scanner  from  which  intensity  infor¬ 
mation  is  obtained.  The  Kodak  TMZ  P3200  is  a 


’-20  -IS  -10  -5  0  5  10  IS  20  2S  X  3S 


DeUWtmin) 


DELAY  (mm) 


Figure  8.  Compressed  pulse  length  measurements.  The 
pulse  was  measured  via  SHG  autocorrelation  after  the 
Nd:YLF  oscillator  at  tow  energy,  10  pj,  and  after  com¬ 
pression  at  high  energy,  8  mJ.  The  compressor  grating 
pair  separation  was  2.2  m  (top)  and  3.9  m  (bottom)  for 
the  two  measurements. 

transparent  film  that  has  a  much  larger  dynamic 
range  (~  1000).  However,  since  it  is  transparent,  it 
is  not  well  suited  for  flatbed  scanning.  Conse¬ 
quently,  we  have  designed  and  built  a  densitometer 
to  analyze  the  intensity  data  recorded  on  this  film. 

The  densitometer  consists  of  a  5  mW  He-Ne  laser 
focused  to  a  slit  of  500  pm  by  2  inches.  This  slit  is 
scanned  across  the  film  usir^  a  translation  stage 
and  the  transmitted  light  is  focused  and  collected  by 
a  photodiode.  The  position  of  the  translation  stage 
and  the  intensity  are  read  by  a  PC  using  data 
acquisition  hardware  and  software.  The  densitom¬ 
eter  is  sketched  in  figure  9. 


u  W.J.  Tomlinson,  R.H.  Stolen,  and  C.V.  Shank,  'Compression  of  Optical  Pulses  Chiiped  by  Self-phase  Modulation  In  Fibers,*  J.  Opt 
Soc.  Am.  B  1(2);  139  (1984). 
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FIgura  10.  Intensity  vereus  wavelength  from  four  shots 
of  a  H-like  Boron  plasma. 


In  figure  10,  we  show  data  obtained  from  our  densi¬ 
tometer.  The  data  traces  represent  the  intensity  as 
a  function  of  wavelength  for  emission  from  a  H-like 
Boron  plasma.  Plotted  curve  is  that  obtauned  from 
integrating  the  outputs  from  four  shots.  From  these 
curves,  we  have  computed  the  dynamic  range  of 
the  densitometer  to  be  1300  with  a  resolution  of 
A/AA-250. 


1.20  QuantuiiHWall  X-ray  Detector 
Protect  staff 

Sumanth  Kaushik,  Professor  Peter  L  Hagelstein 

We  have  designed  a  soft  x-ray  detector  using  mul¬ 
tiple  quantum  wells  that  is  deigned  to  operate  in 
the  70-500  eV  range.*^  The  novel  feature  of  this 
proposed  detector  is  that  it  is  based  on  optical 
effects,  which  have  the  potential  to  lead  to  excellent 
sensitivity  and  good  spatial,  temporal,  and  energy 
resolutions.  The  detector  characteristics  are  sum¬ 
marized  in  table  1.  For  energies  greater  than  500 
eV.  the  detector's  energy  rrooluten  deteriorates, 
but  its  other  features  remain  essentially  unaltered. 
This  kind  of  detector  is  presently  unavailable;  the 
development  of  such  a  device  would  have  important 
applications  in  the  areas  of  x-ray  microscopy  and 
plasma  diagnostics. 

The  detector  (see  figure  11)  is  based  on  the 
concept  of  optically  imaging  the  x-ray  induced  free- 
carriers  in  semicondur^r  quantum  wells.  The 
general  idea  is  to  select  a  probe  beam  tuned  near 
the  onset  of  the  heavy  hole  excitonic  peak  where 
the  change  in  the  optical  susceptibility  is  the 
largest.  The  lengths  of  the  various  layers  are 
chmen  in  such  a  manner  that  under  quiescent  con¬ 
ditions,  the  reflection  is  near  minimum  (typically  5  to 
10  percent).  The  presence  of  x-ray  induced  car¬ 
riers  modifies  the  optical  susceptibility,  thereby 
modulating  the  optical  impedstfice  of  the  multiple- 


>7  S.  OM(0n  AplikMtm  a  Salt  X-Ray  Datactor  Uakrg  \iaAa  MuMpla  Quantum  MMk  Pti-D.  dim..  Daft  of  Elecir.  Eng. 
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quantum-well  (MOW)  structure.**  The  modulation  in 
the  impedance  appears  as  reflected  light  and  is 
imaged  on  a  CCO  (charged  coupM  device) 
camera.  By  exploiting  the  natural  resonances  in  the 
transmission  and  reflection  ooeffidents  in  a  multi¬ 
layer  dielectric  stack,  contrast  ratios  as  high  as  10 
to  20  percent  can  be  achieved. 


Design  Pnrameten 


^Ubs 

Li :  AlsGaAs]., 

soA 

±2.4A 

La, :  GnAs 

170A 

±2.4A 

L, :  Al«GaAsi_, 

48.6  nm* 

±  .5  nm 

A, 

818.55  nm 

±  1  nm 

0* 

±5* 

T 

150  K 

10  K 

Detector  Perfomuace 


Spatisl  Resolution: 
Tempore]  Recolution: 

Sensitivity: 
Energy  Resdution: 
Contrast  Retio: 


iM 

20  ps 

25  pbotons/zim* 
85  eV 
~  10% 


Table  1.  Summary  of  the  chief  paranwters  and  perfor¬ 
mance  of  the  detectors.  The  definitions  of  the  variables 
are  found  in  the  text.  Note:  Actual  U  values  can  also  be 
half-integer  multiples  of  the  probe  wavelength  added  to 
the  minimum  value  specified  above. 


overall  transmission  matrix  is  expressed  as  a  product  of  individual  matrices.  The  cap  layers,  usually  GaAs,  prevent  the 
oxidation  of  the  surface  and  are  typically  very  thin  (-'  100  A)  and  do  not  affect  the  optical  properties  of  the  quantum 
wells  significantly. 


M  S.  Kaushik  and  P.L.  Hagetetein,  'A  Sami  Empirical  Unashape  Modal  for  QaAs  MOW  Sttucluras,’  /££E  J.  QumtL  Bectmn.,  forth¬ 
coming. 
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1.21  Lineshape  TlMory 

We  have  studied  the  origin  of  non-Lorentzian  fea¬ 
tures  in  the  absorption  iineshapes  of  excitonic  tran¬ 
sitions  in  semioo^uctors.  One  very  pronounced 
feature  of  the  absorption  iineshape  is  that  for  ener¬ 
gies  weit  away  from  the  resonance,  the  iineshape  is 
found  to  decrease  exponentiaiiy  as  a  function  of 
energy.  This  resuit,  known  as  the  Urbach's  rule,** 
was  first  obsenred  experimentally,  and  is  attributed 
to  interaction  of  exdtons  with  LO-phonons.** 

The  principal  result  of  our  investigation  is  a  new 
lineshape  function  that  accounts  for  the  interactions 
with  LO  phonons.  Specifically,  we  have  found  that 
the  lineshape  function  can  be  written  as 

A(E)  -  e^'»<»Ki[to(E2  + 1§)'^]  (1) 

yro  +  to 

where 


2:Aq|MA0(q)l* 

The  function  Ki  Is  the  Bessel  function  of  the  second 
kind.  The  parameter  To  is  the  Lorentzian  linewidth 
as  measured  or  as  computed  using  standard  line- 
width  formulas.*^  The  parameter  MAo(q)  is  the 
phonon  matrix  element  between  the  1  s  exciton 
ground  state  and  the  excited  state.** 

This  lineshape  function  has  the  important  property 
that  it  is  Lorentzian  near  the  resonance  energy  and 
decreases  exponentially  in  energy  for  energies  well 
away  from  the  resonance  (see  figure  12).  That  is 
for  to(E*  +  rg)’«  small: 

2r 

°-5-  (Lorentzian) 
rl  +  E^ 


whereas,  for  to(E*  large: 

A(E)~e'*»^.  (Urbach) 

This  exponential  dependence  appears  to  be  in 
agreement  with  the  well  known  Urbach's  rule. 
Although  the  exponential  tail  has  been  shown  ana¬ 
lytically  to  be  a  consequence  of  exdton-phoixrn 
Interaction,  the  earlier  arguments  were  based  on 
studying  asymptotic  properties  of  the  Green's  func¬ 
tions.**  A  simple  analyttcal  lineshape  function  of  the 
form  given  in  equation  (1)  h«te  been  hitherto 
lacking. 

Our  result  is  derived  by  writing  the  Green's  function 
in  the  form 

G(t)  -  -  i^(t)  exp(F(t))  -  -  mt)  exp(r(t)  -  iX(t))  (3) 

where  the  function  F(t)  is  derived  using  duster 
expansion  method.**  ^  noting  the  following  very 
Important  property  of  r(t)  and  S(t)  under  time  inver¬ 
sion 

r.(t)  -  r^(-t) 


2,(t)  -  -2*(-t)  (4) 

the  functions  r(t)  and  S(t)  can  be  approximated 
rather  accurately.  The  Green's  function  is  Fourier 
transformed  to  yield  the  lineshape  quoted  in  (1). 


1.22  Lattice-Induced  Reactlone 

Sponsor 

Electric  Power  Research  Institute 
Contract  RP31 70-25 


89  F.  Urbach,  Phys.  Rev.  92: 1325  (1953). 

90  s.  Kaushik  and  P.L.  Hagelstein,  'An  Analytical  Solution  of  tin  20  Exdton-Phonon  Matrix  Eianwnt,*  J.  Meth.  Phya.  35: 1021  (1994); 
S.  Rudin  and  T.L.  Reieneche,  Temperature  Dependent  Exciton  Unewldths  In  Semiconductor  Quantum  Wells,*  Phya.  Rev.  B  41: 
1017  (1990). 

91  S.  Rudin  and  T.L.  Reieneche,  Temperature  Dependent  Exciton  Unewldths  in  Semiconductor  Quantum  Wells,*  Phya.  Rev.  B  41: 
1017(1990). 

92  S.  Kaushik  and  P.L.  Hagelstein,  *An  Analytical  Solution  of  the  2D  Excilon-Phonon  Matrix  Element,*  J.  /Math.  Phya.  35: 1021  (1994). 

93  G.O.  Mahan,  'Phonon-Broadened  Optical  Spetra:  Urbach's  Rule,*  Phya.  Rev.  145: 602  (1960). 

94  0.  Dunn,  'Electron-Phonon  Interactions  in  an  Insulator,*  Carr.  J.  R>ya.  53: 321  (1975). 


133 


Chaptw  1.  OfMtcs  and  Quantum  Elactronica 


Pro|ect  Staff 

Ziad  J.  Azzam,  Sumanth  Kaushik,  Professor  Peter 
L  Hageistein 

We  have  pursued  mechanisms  through  which  iarge 
energy  transfer  between  a  lattice  and  nuclei  can 
occur.  Energy  transfer  through  conventional  recoil 
mechanisms  is  well-known  and  does  not  lead  to 
any  new  anomalous  effects. 

We  investigated  anomalous  energy  transfer  through 
phonon  mode  frequency  shifts  in  the  case  of 
neutron  transfer  reactions,*^  and  found  that  associ¬ 
ated  with  a  mode  frequency  shift  of  6(0,  there  was 
a  corresponding  energy  transfer  of 

AE  ai  Nfttt} 

where  N  is  the  number  of  phonons  in  the  modes 
that  shift.  In  the  case  in  which  the  phonon  modes 
jump  across  a  band  gap,  the  energy  exchange  per 
phonon  can  be  on  the  order  of  a  few  meV.  In  the 
case  in  which  the  phonon  mode  is  a  continuum 
mode,  the  number  of  phonons  can  in  principle  be 
very  great,  resulting  in  anomalously  large  energy 
transfer.  For  example,  if  somehow  10>  phonons 
were  initially  in  a  gap-jumping  mode,  the  total 
energy  transfer  could  be  as  large  as  fractions  of  an 
MeV. 

Recently,  we  have  generalized  this  basic  mech¬ 
anism  to  the  case  of  gap-jumping  between  impurity 
phonon  bands  due  to  host  vacancies  in  metal 
hydrides.^  For  example,  in  the  case  of  PdH,  it  is 
known  that  the  basic  octohedral  distribution  of 
hydrogen  atoms  around  a  Pd  atom  within  a  unit  cell 
is  preserved  in  the  presence  of  a  Pd  vacancy.”^  In 
this  case,  the  hydrogen  atoms  see  a  considerably 
softer  potential,  and  we  speculate  that  this  leads  to 
impurity  phonon  modes  within  the  band  gap.  If  this 
is  true  in  the  case  of  a  PdD  lattice,  as  illustrated  in 
figure  13,  then  some  rather  interesting  physics 
could  result. 


Figure  12.  Comparison  of  the  Lorentzian  lineshape  with 
the  new  lineshape  described  in  the  text 


Figure  13.  Density  of  states  in  PdO,  augmented  with 
proposed  vacancy  impurity  bands  (VD/andVD*).  VDt 
indicates  modes  due  to  ceils  with  8  deuterons  around  a 
Pd  vacancy;  VDr  indicates  modes  due  to  7  deuterons 
around  a  Pd  vacancy. 


95  P.L.  Hageistein,  ’Coherent  and  Semi-Coherent  Neutron  Transfer  Reactions  I;  The  Interaction  Hamiltonian,’  Fusion  Tech.  22:  172 
(1992);  P.L.  Ha^stein,  ’Coherent  and  Semi-Coherent  Neutron  Transfer  Reactions  III:  Phonon  Frequency  Shifts,’  Fusion  Tech.  23: 
353  (1993);  P.L.  Hageistein,  ’Possible  Mossbauer  Effect  in  Neutron  Capture,’  presented  at  Intemsriion^  Conference  on  Applications 
of  the  Mossbauer  Effect,  Vancouver,  Canada,  August  1993. 

98  P.L.  Hageistein,  'Lattice-induced  Atomic  and  Nuclear  Reactions,’  ProceerMngs  of  the  Fourth  International  Cortference  on  Cold  Fusion, 
Maui,  Hawaii,  December  1993. 
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In  this  case,  any  process  that  creates  a  host  lattice 
vacancy,  or  else  changes  the  number  of  deuterons 
around  a  host  lattice  vacancy,  will  cause  a  change 
in  the  number  of  phonon  modes  in  each  impurity 
band.  Large  excitation  of  these  modes  will  result  in 
anomalous  energy  transfer  associated  with  vacancy 
production.  We  have  formulated  a  theory  for  this 
process  and  computed  rates  for  a  variety  of  decay 
channels. 

For  example,  if  the  lowest  optical  phonon  modes 
were  very  highly  excited,  then  the  production  of  a 
Pd  vacancy  would  down-shift  the  highly  excited 
modes,  leading  to  energy  transfer  from  the  lattice  to 
whatever  mechanism  causes  the  vacancy.  In  this 
case,  the  lattice  energy  can  drive  reactions  that 
cause  a  vacancy  to  be  produced.  A  dominant 
decay  channel  at  large  energy  transfer  is  fast  elec¬ 
tron  production,  mediated  by  the  Coulomb  inter¬ 
action  between  the  nuclei  and  K-shell  electrons. 
The  decay  rate  can  be  calculated  directly  from 


I  k  |2/2me+lK-Ei“-^) 

Performing  the  integration  over  electronic  coordi¬ 
nates  leads  to 

f  K 


5(lK+fi2|k|2/2me+Ej'->-E|'->) 
where  V(k)  describes  the  Coulomb  interaction 
1 

S  N.-  1 

V(k)  -  Ze 


zf  Nis  i^r  ^  ' 

L  V  J  L  rra? 


4Tr 


|k|2+(Z/ao)^ 


The  conventional  recoil  is  aocounted  for  through  the 
appearance  of  6'“  ^  and  e-'^”  is  a  Duschinsky  oper¬ 
ator  that  includes  the  effects  of  changes  in  the 
structure  of  the  phonon  modes. 

Since  only  a  few  modes  jump  a  band  gap,  these 
modes  can  be  used  to  evaluate  the  Duschinsky 
matrix  element  approximately  in  the  absence  of 
recoil;  this  leads  approximately  to 


f  k 


5{in+h^  I  k  \^/2m^-Nh6(o) 


in  the  limit  that  the  recoil  has  been  sufficiently 
strong  to  create  a  new  vacancy.  If  the  anomalous 
energy  transfer  is  large,  then  the  recoil  energy  can 
be  neglected,  and  the  net  effect  of  the  recoil  term  is 
to  determine  what  fraction  of  the  time  a  new 
vacancy  is  created.  If  the  probability  of  vacancy 
creation  is  I  T(k)  P,  we  obtain  the  final  result 


r 


Ih  r  f  T2  1 
ttZ  ft  L  Ih  J  (1+{£/Z^Ih)]^ 


|T(k)  f 


where  e  -  fihSaj  -  U.  This  is  plotted  below  in  figure 
14  for  recoils  from  Pd  and  in  figure  15  in  the  case 
of  recoils  from  D. 

These  rates  are  observed  to  be  quite  fast.  They 
are  sufficiently  rapid  that  it  is  a  priori  difficult  to 
understand  how  such  large  phonon  mode  popu¬ 
lations  could  build  up  in  the  presence  of  such  fast 
reaction  rates,  especially  if  other  decay  modes  are 
present  that  turn  on  at  lower  energy.  Our  picture  is 
that  many  phonon  modes  are  excited;  modes  not 
immediately  next  to  the  band  gap  can  build  up 
without  the  same  limits  as  the  lowest  modes. 
When  the  lowest  modes  jump,  they  reveal  new 
lowest  modes  which  in  turn  may  jump;  these  new 
modes  may  be  quite  highly  excited,  resulting  in  the 
possibility  of  large  energy  transfer.  The  associated 
rates  as  calculated  by  Fermi's  Golden  Rule  are  too 
large  to  be  physical,  implying  that  the  decays  wilt 
occur  in  bursts  as  a  high-order  Raman-type 
process. 


Figure  14.  Predicted  fast  electron  emission  rate  from 
deuterons  as  a  function  of  lattice  energy  transfer. 
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Figure  IS.  Predicted  fast  electron  emission  rate  from  Pd 
niidei  as  a  function  of  lattice  energy  transfer. 

Of  immediate  interest  are  the  decay  rates  for 
Coulomb-induced  deuteron-deuteron  recoii  (shown 
in  figure  16).  which  is  a  dominant  decay  mechanism 
up  to  a  few  KeV  of  iattice  energy  transfer.  This 
process  results  in  the  production  of  fast  deuterons, 
up  to  energy  transfer  where  fast  electron  decay  as 
described  above  turns  on.  This  is  interesting 
because  these  deuterons  are  sufficientiy  energetic 
to  cause  fusion  reactions  to  occur.  The  fusion  rate 
per  deuteron  pair  is  shown  in  figure  17;  these  rates 
are  observed  to  be  sufficientiy  high  to  account  for 
the  observation  of  dd-fusion  neutrons  ciaimed  to 
have  been  obsenred  in  coid  fusion  experiments 
durir^  the  iast  few  years. 

The  reactions  described  above  are  based  on  the 
premise  that  a  very  large  number  of  phonons  can 
be  developed  in  a  single  phonon  mode.  The  situ¬ 
ation  is  much  iike  the  difference  between  broad 
band  iight  from  a  hot  thermai  source,  and  the  radi¬ 
ation  field  inside  a  iaser  cavity.  The  presence  of 
photon  gain  inside  the  laser  cavity  results  in  the 
development  of  very  large  photon  populations  in  a 
singie  mode.  The  iaser  ampiifier  wiii  add  photons 
preferentiaily  to  modes  within  the  gain  iinewidth  that 
already  have  the  most  photons. 

One  way  to  generate  large  phonon  populations  in 
phonon  modes  is  to  create  a  phonon  ampiifier  that 
will  drive  a  "phonon  laser”.  Phonon  lasers  have 
been  built,  but  they  have  not  operated  previously  in 
opticai  phonon  modes.  We  are  considering  a  novei 
mechanism  to  drive  a  phonon  ampiifier.  if 
exothermic  chemicai  reactions  were  to  occur  at  a 
soiid  surface  (at  an  interface  with  a  gas  or  soiid). 
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Figure  16.  Decay  rate  per  deuteron  pair  next  to  a  Pd 
vacancy  for  lattice-induced  Coulomb  recoil. 

and  if  the  reactions  involved  an  inhibiting  potential 
barrier  that  phonons  could  help  to  overcome,  then 
the  reactions  would  tend  to  coupie  energy  prefer¬ 
entially  into  the  phonon  modes  that  helped  to  stimu¬ 
late  the  reaction,  if  the  end  product  of  the  reaction 
were  not  stable  at  the  surface,  then  a  population 
inversion  would  be  developed  between  the 
reactants  and  their  products;  this  is  the  condition  for 
phonon  gain. 

One  interesting  example  of  this  mechanism  is 
hydrogen  desorption  from  a  metal  hydride. 
Absorbed  and  adsorbed  hydrogen  in  metal  hydrides 
is  often  iocaiized  as  singie  atoms  in  locai  weils  that 
occur  in  pockets  between  host  lattice  atoms.  Gas 
desorption  invoives  the  tunneiing  of  the  hydrogen 
atoms  to  the  bound  moiecular  state  away  from  the 
metai  surface,  where  it  is  free  to  leave.  In  PdD, 
deuterium  desorption  is  exothermic  at  very  high  D 
to  Pd  loading,  which  is  where  the  anomaiies  are 
thought  to  occur. 

In  previous  RLE  reports,  we  have  described  at 
length  novel  neutron  transfer  reaction  mechanisms. 
We  wouid  do  so  here  as  weii,  except  that  our  report 
is  aiready  much  too  long.  During  the  last  year  we 
have  found  that  our  model  is  very  ciosely  reiated  to 
the  Anderson  modei  in  condensed  matter  physics, 
that  it  can  be  solved  approximately  using  perturba¬ 
tion  theory,  and  that  the  reaction  rates  for  the  spe¬ 
cific  El  and  Ml  transfer  mechanisms  described  iast 
year  are  too  smaii  to  be  obsenrable.  The  reason 
that  the  rates  are  too  small  is  that  the  electromag¬ 
netic  coupling  is  very  weak.  A  modified  version  of 
the  theory  that  uses  strong  interaction  neutron 
matrix  elements,  which  in  fact  are  a  much  closer 
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Figure  17.  Fusion  rate  per  deuteron  pair  next  to  a  Pd 
vacancy. 


analog  to  the  equivalent  electron  matrix  elements 
normally  used  in  Anderson  model  studies,  results  in 
much  stronger  coupling  and  very  large  reaction  rate 
estimates.  This  model  looks  very  promising;  it  pre¬ 
dicts  heat  due  to  neutron  transfers  from  ^o^Pd  to  ”Li 
at  156  KeV  lattice  energy  transfer  per  reaction  to  be 
the  dominant  heat-producing  reaction  in  Pons- 
Fleischmann  experiments.  This  work  is  currently 
being  documented. 
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2.1  Introduction 

The  central  theme  of  our  research  programs  has 
been  to  advance  the  understanding  of  optical  and 
quasi-optical  communication,  radar,  and  sensing 
systems.  Broadly  speaking,  this  has  entailed:  (1) 
developing  system-analytic  models  for  important 
optical  propagation,  detection,  and  communication 
scenarios;  (2)  using  these  models  to  derive  the  fun¬ 
damental  limits  on  system  performance;  and  (3) 
identifying  and  establishing  through  experimentation 
the  feasibility  of  techniques  and  devices  which  can 
be  used  to  approach  these  performance  limits. 


2.2  Squeezed  States  of  Light 

Sponsor 

Maryland  Procurement  Office 
Contract  MDA  904-90-C5070 
Contract  MDA  904-93-C4169 

Project  Staff 

Professor  Jeffrey  H.  Shapiro,  Dr.  Ngai  C.  Wong,  Dr. 
Lance  G.  Joneckis,  Scott  R.  Shepard,  Ke-Xun  Sun 

The  central  focus  of  our  research  has  been  gain- 
saturated  operation  of  an  optical  parametric  ampli¬ 


fier  (OPA).  Under  gain  saturation,  the  amplified 
output  intensity  of  an  injected  coherent-state  signal 
bewmes  amplitude  squeezed  and  the  Ivge^ignai 
signai-to-noise  ratio  improves,  an  operating  regime 
known  as  squeezed  amplification.^  We  have  per¬ 
formed  a  det^led  study  of  the  mean-field  charac¬ 
teristics,  gain  saturation,  and  quantum-noise 
spectra  of  an  injection-seeded  OPA  including  arbi¬ 
trary  cavity  detunings  of  the  three  interacting 
waves.’  Comparison  with  our  mean-fiekl  exper¬ 
imental  results  using  a  type-l  phase-matched 
UNbOs  OPA  has  shown  excellent  qualitative  agree¬ 
ment.  We  have  also  successfully  analyz^  a 
thermal'hystersis  effect  encountered  in  our  exper¬ 
iment  that  can  severely  impact  the  tuning  capability 
of  the  OPA.* 

As  part  of  our  squeezed-amplifier  theory,  we  have 
established  the  quantum  form  of  the  Gaussian 
moment-factoring  theorem  and  used  this  theorem  to 
deduce  the  direct-detection  photocurrent  noise 
spectrum  from  a  squeezed  amplifier  in  the 
Gaussian-state  approximation.  We  have  also  used 
this  Gaussian-state  formalism  to  explicitly  unify  the 
analyses  of  the  three  principal  nondassical  man¬ 
ifestations  of  signal-idler  state  entanglement,  i.e., 
nonclassical  signal/idler  photon  correlation,  nonclas- 
sical  quadrature-noise  squeezing,  and  nonclassical 


1  Laboratory  for  Physical  Sciences,  Coliege  Park,  Maryland. 

z  N.C.  Wong,  'Squeezed  Amplification  in  a  Nondegenerate  Parametric  Amplifier,*  Qpr.  Lett  16(21):  1698-1700  (1991). 

3  K.X.  Sun,  Classical  and  Ouandzed  Rekte  In  OpOcsi  Parametric  mteractSons,  Ph.D.  diss.,  OepL  of  Physics,  MIT,  1993. 

*  K.X.  Sun,  Classical  and  Quantized  Fields  In  Optical  Parametric  Interactions,  Ph.D.  diss..  Dept  at  Physics,  MIT,  1993;  KJ(.  Sun,  N.C. 
Wong,  and  J.H.  Shapiro,  'Thermal  Hysteretic  Effects  in  a  Trlpty-Resonant  Optical  Parametric  Oscillator,'  paper  presented  at  the 
Conference  on  Lasers  and  Electro-Optics,  Baltimore,  Maryland,  May  2-7, 1993. 
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signal/idler  fourth-order  interference.^  This  work 
clarifies  previously  ill-understood  limits  on  the  semi- 
classical  theory  of  fourth-order  interference.  In  par¬ 
ticular,  we  show  that  a  quantum  signature  is 
demonstrable,  in  the  low-photon-flux  regime,  at 
fringe  visibilities  substantially  below  50  percent. 

In  another  theoretical  study,  we  have  continued  our 
development  of  quantum  propagation  theory  for 
single-mode  fiber.  Using  a  coarse-grained  time 
approach  based  on  a  phenomenological  Kerr-effect 
time  constant,  we  have  been  working  to  evaluate 
the  homodyne-measurement  noise  spectra  for  a 
variety  of  input  and  fiber  conditions.*  We  have 
obtained  results  for  continuous-wave  (cw)  inputs 
applied  to  disperionless  fiber  in  the  absence  and 
presence  of  loss.  The  latter  case  was  handled 
using  the  terminated-cumulant  expansion  (TCE);  we 
are  now  using  this  same  approach  to  find  the  noise 
spectrum  for  dispersive  propagation  with  a  cw  input. 
We  have  also  begun  exploring  the  value  of  local- 
oscillator  optimization  in  pulsed-input  homodyne 
measurements. 


2.2.1  Publications 

Joneckis,  L.G.,  and  J.H.  Shapiro.  "Quantum  Propa¬ 
gation  in  a  Kerr  Medium:  Lossless,  Dispersion¬ 
less  Fiber."  J.  Opt.  Soc.  Am.  B  10(6):  1102-1120 
(1993). 

Joneckis,  L.G.,  and  J.H.  Shapiro.  "Quantum  Propa¬ 
gation  in  Single-Mode  Fiber."  Paper  presented 
at  the  Quantum  Electronics  and  Laser  Science 
Conference,  Baltimore,  Maryland,  May  2-7, 
1993. 

Joneckis,  L.G.,  and  J.H.  Shapiro.  "Quantum  Propa¬ 
gation  in  Single-Mode  Fiber."  Proceedings  of  the 
Third  Workshop  on  Squeezed  States  and  Uncer¬ 
tainty  Relations,  Baltimore,  Maryland,  August 
10-13,  1993.  Forthcoming. 

Shapiro,  J.H.,  "Phase  Conjugate  Quantum  Com¬ 
munication  with  Zero  Error  Probability  at  Finite 
Average  Photon  Number,"  Phys.  ^ript.  T48: 
105-112  (1993). 


Shapiro,  J.H.,  and  K.X.  Sun.  "Semidassical  vs. 
Quantum  Behavior  in  Fourth-Order  Interfer¬ 
ence."  J.  Opt.  Soc.  Am.  B.  Forthcoming. 

Sun,  K.X.  Classical  and  Quantized  Helds  in  Optical 
Parametric  Interactions.  Ph.D.  diss..  Dept,  of 
Physics,  MIT,  1993. 

Sun,  K.X.,  N.C.  Wong,  and  J.H.  Shapiro.  Thermal 
Hysteretic  Effects  in  a  Triply-Resonant  Optical 
Parametric  Oscillator."  Paper  presented  at  the 
Conference  on  Lasers  and  Electro-Optics, 
Baltimore,  Maryland,  May  2-7, 1993. 


2.3  Multiresolution  Laser  Radar  Range 
Profiling 

Sponsor 

U.S.  Air  Force  -  Office  of  Scientific  Research 
Grant  F49620-93- 1-0604 

Project  Staff 

Professor  Jeffrey  H.  Shapiro,  Irene  Fung 

This  effort  is  part  of  a  collaboration  on  automatic 
target  detection  and  recognition,  with  Professors 
Alan  S.  Willsky  (MIT  Laboratory  for  Information  and 
Decision  Systems)  and  W.  Eric  L.  Grimson  (MIT 
Artificial  Intelligence  Laboratory)  and  their  students. 
The  unifying  theme  of  the  collaboration  is  the  use  of 
multiresolution  (wavelet)  methods  at  every 
stage— from  sensor  front-end  processing,  through 
feature  extraction,  to  the  object  recognition 
module — in  an  overall  system. 

Our  group's  activity  centers  on  the  application  of 
multiresolution  techniques  to  laser  radars.  Previ¬ 
ously,  we  have  studied  maximum-likelihood  (ML) 
estimation  for  planar  range-profiling  with  a  laser 
radar.^  The  importance  of  the  ML  approach  lies  in 
its  ability  to  suppress  the  range  anomalies  caused 
by  laser  sprokle.  The  practicality  of  the  ML 
approach  derives  from  the  utility  of  the  expectation- 
maximization  (EM)  algorithm  for  this  problem.  In 
initial  work  on  the  multiresolution  range-profiling 
problem,  we  have  shown  that  the  same  EM 
approach  can  be  applied,  at  any  desired  wavelet 


s  J.H.  Shapiro  and  K.X.  Sun,  'Samidassical  vs.  Quantum  Behavior  in  Fourth-Order  Interference,"  J.  Opt.  Soc.  Am.  B,  forthcoming. 

6  L.G.  Joneckis  and  J.H.  Shapiro,  "Quantum  Propagation  in  a  Kerr  Medium:  Lossless,  Dispersionless  Fiber,"  J.  Opt.  Soc.  Am.  B  10(6): 
1102-1120  (1993);  L.G.  Joneckis  and  J.H.  Sh^ro,  "Quantum  Propagation  in  Single-Mode  Fiber,"  paper  presented  at  the  Quantum 
Electronics  and  Laser  Science  Conference,  Baltimore,  Maryland,  May  2-7, 1993. 

f  T.J.  Green,  Jr.  and  J.H.  Shapiro,  "Maximum-Likelihood  Laser  Radar  Range  Profiting  with  the  Expectation-Maximization  Algorithm," 
Opt.  Eng.  31(11):  2343-2354  (1992). 
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scale,  to  perform  ML  profiling.  We  are  now  begin¬ 
ning  performance  studies  on  this  scheme  using 
Haar  wavelets  to  fit  simulated  laser  rsKlar  range 
data. 


2.4  Optical  Frequency  Division  and 
Synthesis 

Sponsors 

Charles  S.  Draper  Laboratories 
Contract  DL-H-441698 
MIT  Lincoln  Laboratory 
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National  Institute  of  Standards  and  Technology 
Grant  60-NANBOD-1052 
U.S.  Army  Research  Office 
Grant  DAAL03-90-G-0128 
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Grant  DAAH04-93-G-0187 

Project  Staff 

Dr.  Ngai  C.  Wong,  L.  Reginakf  Brothers,  Bobby  Y. 
Lai,  Dicky  Lee 

Frequency  division  and  synthesis  in  the  optical 
domain  play  an  important  role  in  modern  optical 
precision  measurements,  optical  frequency  stan¬ 
dards,  and  coherent  optical  communication.  We 
have  demonstrated  tunable  optical  frequency  divi¬ 
sion  using  an  optical  parametric  oscillator  (OPO) 
approach  based  on  an  efficient,  one-step 
parametric  downconversion  process.®  An  OPO  con¬ 
verts  an  input  pump  into  two  intense,  coherent  sub¬ 
harmonic  outputs  whose  frequencies  are  tunable 
and  whose  sum  frequency  equals  the  pump  fre¬ 
quency.  By  phase  locking  the  output  frequency  dif¬ 
ference  to  a  microwave  source,  the  output 
frequencies  are  precisely  determined,  and  the  OPO 
functions  as  an  optical  frequency  divider.  OPO  fre¬ 
quency  dividers  can  be  operated  in  series  or  in  par¬ 
allel  to  measure,  compare,  and  synthesize 
frequencies  from  optical  to  microwave,  with  high 
precision  and  resolution. 


2A1  Terahertz  Optical  Frequency  Comb 
Generation 

In  order  to  facilitate  difference  frequency  measure¬ 
ments  in  the  THz  range,  we  have  developed  an 
optical  frequency  comb  generator  based  on  an  effi¬ 
cient  electro-optic  phase  modulator  design.  By 
incorporating  a  microwave  waveguide  resonator 
structure  in  a  UNbOs  electro-optic  modulator,  the 
phase  velocities  of  the  microwave  and  optical  fields 
can  be  matched  to  maximize  the  electro-optic  mod¬ 
ulation  at  a  user-specified  microwave  frequency. 
The  modulation  is  further  enhanced  by  pladng  the 
modulator  inside  an  optical  cavity  that  is  resonant 
for  the  input  optical  beam  and  generated 
sidebands.  For  1  W  of  microwave  power  at  17 
GHz,  we  have  obtained  an  optical  frequency  comb 
with  a  3-THz  span,  as  shown  in  figure  1.®  We  have 
employed  the  terahertz  comb  to  measure  a  differ¬ 
ence  frequency  of  1.45  THz  between  a  YAG  laser 
and  the  signal  beam  of  an  OPO  with  a  measure¬ 
ment  uncertainty  of  1  MHz,  limited  only  by  the  sta¬ 
bility  of  the  two  optical  sources.  In  addition  to 
optical  frequency  metrol^y,  terahertz  optical  fre¬ 
quency  comb  generation  is  potentially  useful  for  fre¬ 
quency  identification  in  a  wideband  optical 
communication  network. 


2.4.2  Tunable  Optical  Parametric  Oscillator 

In  our  first  demonstration  of  a  tunable  optical  fre¬ 
quency  divider,  the  signal-idler  difference  frequency 
of  a  type-1 1  phase-matched  KTP  OPO  was  phase 
locked  to  a  microwave  source  at  12.3  GHz  with 
excellent  signal-to-noise  ratio.^°  The  tuning  range 
was  limited  by  the  25-GHz  bandwidth  of  the  high¬ 
speed  photodetector.  For  many  applications,  a 
tuning  range  that  is  much  larger  than  the  detector 
bandwidth  is  desirable.  We  have  made  use  of  the 
terahertz  optical  frequency  comb  generator  to 
phase  lock  the  KTP  OPO  at  a  difference  frequency 
of  885  GHz.  The  idier  beam  was  used  to  drive  the 
terahertz  optical  frequency  comb  generator;  the 
resultant  beat  frequency  between  the  signal  and  the 
39th  upper  sideband  of  the  comb  was  detected  by 
a  1-GHz  photodetector.  We  have  measured  a  res¬ 
idual  phase  noise  spectral  density  of  the  phase- 


8  N.C.  Wong,  'Optical  Frequency  Division  using  an  Optical  Parametric  Oscillator,"  Opt.  Lett.  15(20):  1129-1131  (1990);  D.  Lee  and 
N.C.  Wong,  "Tunable  Optical  Frequency  Division  Using  a  Phase-Locked  Optical  Parametric  Oscillator,"  Opt.  Lett.  17(1):  13-15 
(1992). 

9  LR.  Brothers,  D.  Lee,  and  N.C.  Wong,  "Terahertz  Optical  Frequency  Comb  Generation  and  Phase  Locking  of  Optical  Parametric 
Oscillator  at  665  GHz,"  Opt.  Lett.,  forthroming. 

18  D.  Lee  and  N.C.  Wong,  "Tunable  Optical  Frequency  Division  Using  a  Phase-Locked  Optical  Parametric  Oscillator,"  Qpt  Lett.  17(1): 
13-15  (1992). 
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Figura  1.  Optical  spectrum  analyzer  trace  of  the  optical  frequency  comb,  with  a  mode  spacing  of  17.05  Qhz.  The  inset 
shows  an  amplified  portion  of  the  spectrum. 


locked  OPO  of  0.2  mrad/Vf^.”  The  high  spectral  of  the  KTP  crystal  of  ~  50-100  GHz.  This  develop- 

purity  obtained  in  the  experiment  shows  that  phase  foent  may  lead  to  a  wider  use  of  cw  OPOs  as  con- 

locking  at  an  even  higher  difference  frequency  is  venient  and  tunable  radiation  sources  for  many 
possible.  applications. 

We  have  also  developed  a  cw  dual-cavity  doubly 

resonant  OPO  (DRO)  that  provides  a  wider  tuning  2.4.3  Publications 

range  than  the  usual  single-cavity  OPO.  Because 

of  the  stringent  requirement  of  simultaneous  cavity  Brothers,  LR.,  and  N.C.  Wong.  Terahertz  Optical- 
resonance  of  the  signal  and  idler  waves  in  a  single-  Frequency  Comb  Generation."  Paper  presented 

cavity  DRO,  mode  hops  usually  occur  if  the  cavity  at  the  Optical  Soctoty  of  America  Annual 

length  is  tuned  by  more  than  1-2  nm,  or  ~  10  MHz  Meeting,  Toronto,  Canada,  October  3-8, 1993. 

in  output  frequencies  in  our  DRO  system.  To  over¬ 
come  this  lack  of  tuning  capability,  signal  and  idler  Brothers,  LR.,  D.  Lee,  and  N.C.  Wong.  Terahertz 
waves  are  separated  internally  by  a  polarizing  Optical  Frequency  Comb  Generation  and  Phase 

beam  splitter  and  resonated  in  separate  cavities.  In  Locking  of  O^ical  Parametric  Oscillator  at  665 

this  way,  the  threshold  remains  low  while  contin-  GHz."  Opt.  Lett.  Forthcoming, 

uous  frequency  tuning  is  achieved  by  varying  the 

two  cavities  separately.  Our  preliminary  results  Lee,  D.,  and  N.C.  Wong.  "Stabilization  and  Tuning 
show  that  the  cavity  length  could  be  tuned  over  60  of  a  Doubly  Resonant  Optical  Parametric  Osdl- 

nm,  or  600  MHz,  in  the  output  frequencies.  The  lator."  J.  Opt.  Soc.  Am.  B  10(9):  1659-1667 

threshold  for  the  dual-cavity  DRO  was  55  mW  com-  (1993). 

pared  with  47  mW  for  a  single-cavity  DRO.  The 

tuning  range  of  the  dual-cavity  DRO  is  expected  to  Lee.  D.,  N.C.  Wong,  and  LR.  Brothers.  "Frequency 
be  limited  by  the  angle  phase  matching  bandwidth  Tuning  and  Stabilization  of  a  KTP  Optical 


11  LR.  Brothers,  D.  Lae,  and  N.C.  Wong,  Terahertz  Optical  Frequency  Comb  Generation  and  Phase  LocMng  of  Optical  Parametric 
Oscillator  at  66S  GHz,*  0|c>r.  Lett.,  forthcoming. 
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Parametric  Oscillator.”  Paper  preranted  at  the 
Optical  Society  of  America  Annual  Meeting, 
Toronto,  Canada,  October  3-8, 1993. 
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1994. 

Wong,  N.C.,  0.  Lee,  and  LR.  Brothers.  "CW 
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ceedings  of  the  SPIE  Nonlinear  Optics  for  High- 
Speed  Electronics,  Los  Angeles,  California, 
January  25, 1994. 

Wong,  N.C.,  D.  Lee,  and  L.R.  Brothers.  "Optical 
Frequency  Counting  Based  on  Parametric 
Downconversion."  Paper  presented  at  the  1993 
International  Symposium  on  Atomic  Frequency 
Standards  and  Coherent  Quantum  Electronics, 
Nara,  Japan,  August  18-20, 1993. 


2.5  Analog  Processing  of  Optical 
Wavefronts  Using  Integrated 
Guided-Wave  Optics 
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In  wavefront  sensing  and  correction,  it  is  envisioned 
that  10^-10*  basic  modules  would  be  used.  In 
integrated  optics,  as  in  integrated  circuits,  it  is 
important  to  relax  the  r^uirements  for  individual 
components  while  requiring  that  operation  of  the 
integrated  optics  (circuits)  is  independent  of  signif¬ 
icant  component  variations.  The  wavefront  is 
sensed  by  interferometers  between  the  multipiicity 
of  through  waveguides  with  the  arms  of  the  inter¬ 
ferometers  evanescently  coupled  to  the  adjacent 
waveguides.  The  input  powers  to  the  interferom¬ 
eter  arms  will  not  be  equal  as  a  result  of  (1)  the 
input  power  to  the  waveguide  array  being  non¬ 


uniform  and  (2)  unequal  coupling  by  the  evanescent 
couplers. 

In  RLE  Progress  Report  No.  135,  we  stated  that  the 
experimental  results  on  the  phase  measurement 
and  phase  correction  were  independent  of  the 
power  difference  between  the  interferometer  arms 
up  to  a  ratio  of  greater  than  50:1 .  We  also  wrote  in 
last  year's  progress  report  that  it  was  decided  in 
1992  to  embark  on  building  a  complete  optical 
module.  The  on-chip  detector  at  the  output  of  the 
interferometer  was  to  also  be  incorporated  in  this 
planned  module.  In  the  previous  worit.  the  detector 
has  been  off  chip.  In  this  past  year,  a  semicon¬ 
ductor  processing  technique  was  developed  and 
used  so  that  fabrication  of  ali  components  (e.g., 
waveguides,  couplers  and  detectors)  of  the  mmiule 
was  compatible.  The  complete  optical  modules 
were  fabricated;  their  performance  was  measured, 
and  compared  favorably  with  theoretical  predictions. 

We  can  now  report  in  more  detail  on  the  compo¬ 
nents  of  the  complete  module.  The  phase  on  the 
output  of  the  through  waveguides  was  varied  using 
a  reverse  biased  p*-rr-n^  stmeture  incorporated  into 
a  portion  of  the  waveguide.  A  smail  dither  was  also 
impressed  on  the  phase.  A  Y-junction  interferom¬ 
eter  was  used  to  obtain  the  relative  phase  differ¬ 
ence  between  the  two  waveguides.  Integrated 
MSM  photodetectors,  17x69  mm  in  size  with  total 
internal  reflection  mirror  coupling,  were  used  for 
signal  detection.  Both  the  interferometer  and 
detector  were  fabricated  and  operatkl  between  ^e 
two  30  pm-separated  through  waveguides.  The 
phase  dither  detection  system  made  it  possible  to 
adjust  appropriately  the  relative  phase  between  the 
outputs  of  the  two  through  waveguides,  largely 
independent  of  the  power  ration  between  the  indi¬ 
vidual  guides. 


2.5.1  Publications 

Golubovic,  Boris.  Basic  Module  for  an  Integrated 
Optical  Phase  Difference  Measurement  and  Cor¬ 
rection  System.  S.M.  thesis.  Dept,  of  Electr. 
Eng.  and  Comput.  Sci.,  MIT,  1993. 

Lau,  S.D.,  J.P.  Donnelly,  C.A.  Wang  and  R.H. 
Rediker.  "Integrated  AIGaAs  Waveguides  for 
Optical  Phase  Difference  Measurement  and  Cor¬ 
rection."  IEEE  J.  Quantum  Electron.  Forth¬ 
coming. 
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3.1  Facility  for  Milllmoter-wave  and  THz 
Frequencies 

Professor  Hu's  laboratory  is  equipped  with  various 
millimeter-wave  and  infrared  sources  which  can 
generate  coherent  and  incoherent  radiation  up  to 
30  THz.  These  include:  Gunn  oscillators  at  W-band 
frequencies  (75-110  GHz);  a  frequency  doubler, 
tripler,  and  quadrupler  using  SchoMcy  diodes  at 
200,  300,  and  400  GHz;  an  optically  pumped  far- 
infrared  laser  which  generates  coherent  radiation  up 
to  8  THz;  and  an  infrared  Fourier  transform 
spectrometer  which  is  capable  of  performing  linear 
spectroscopy  from  45  GHz  to  30  THz  and  beyond. 
This  laboratory  is  also  equipped  with  various 
cryogenic  millimeter-wave  and  infrared  detectors. 
These  include:  Si  composite  bolometers,  InSb  hot- 
electron  bolometers,  superconductor-insulator- 
superconductor  (SIS)  receivers,  and  high-Tc 
Josephson  detectors.  There  are  many  infrared 
cryostats  which  can  cool  the  devices  from  0.3  K  to 
77  K. 


3J2  Far-Infrared  Studlea  of 
Antenna-coupled  Quantum-effect 
Devices 

Sponsor 

MIT  Research  Laboratory  of  Electronics 
Postdoctoral  Fellowship 
National  Science  Foundation 
Grant  DMR  90-22933 

Project  Staff 

Rolf  A.  Wyss,  Dr.  Thomas  Schdpers,  Professor 
Qing  Hu,  in  collaboration  with  Professor  JesOs  A. 
del  Alamo  and  JOlich  GmbH  Company' 

Quantum  transport  has  been  one  of  the  most  active 
fields  in  solid-state  physics  in  recent  years. 
Advances  in  material  preparation  have  made 
quantum  phenomena  profound  in  electron  transport 
for  many  semiconductor  quantum  devices  such  as 
quantum  point  contacts,  quantum  dots,  quantum 
wires,  quantum  wells,  superlattices,  etc.  in  dean 
samples  and  at  low  temperatures,  electrons  can 
travel  through  the  whole  sample  without  suffering 
phase-destructive  scattering.  Extensive  work  has 
been  done  to  study  various  features  of  such  phase- 
coherent  quantum  transport.  However,  the  exper¬ 
iments  reported  so  far  are  limited  to  measurements 
by  dc  transport  and  far-infrared  spectroscopy. 


1  JOHeti,  Ganrany. 
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It  is  well  known  in  the  field  of  superconducting  tun¬ 
neling  that  photons  can  assist  the  tunneling 
process,  provided  that  the  tunneling  is  elastic.  In  a 
broad  sense,  elastic  tunneling  is  a  phase-coherent 
quantum  transport  process  in  a  classically  forbidden 
region.  Therefore,  all  the  results  of  photon-assisted 
tunneling  can  be  applied  to  the  study  of  photon- 
assisted  quantum  transport  in  semiconductor 
devices.  This  will  provide  a  new  dimension  to  study 
the  exciting  quantum  transport  phenomena.  Novel 
long-wavelength  optoelectronic  devices  may  also 
emerge  from  this  research. 

In  this  project,  we  study  the  interaction  between  far- 
infrared  photons  and  ballistic  electrons  in  quantum 
point  contact  devices,  whose  schematic  is  shown  in 
figure  1a. 


We  have  fabricated  several  antenna-coupled 
quantum  point  contact  devices  using  a  combination 
of  optical  and  electron-beam  lithography.  Figure  2 
shows  the  SEM  photographs  of  one  of  the  devices. 
The  split-gate  electrodes  (the  vertical  leads)  also 
serve  as  the  terminals  of  a  log-periodic  antenna, 
whose  function  is  to  couple  the  far-infrared  radiation 
of  millimeter  wavelength  to  the  point  contact  of 
submicron  dimensions. 
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pronounced  photon-induced  drain/source  current  is 
produced  throughout  a  gate  voltage  range  in  which 
the  device  exhibits  the  behavior  of  a  one¬ 
dimensional  electron  system.  This  photon-induced 
current  is  attributed  to  a  bolometric  effect  as 
described  in  the  previous  report. 

In  addition  to  the  photoconductive  effect,  we  have 
recently  discovered  a  pronounced  photovoltaic 
effect  in  several  antenna-coupled  quantum  point 
contacts  irradiated  from  280  GHz  to  2.5  THz.  Figure 
3a  shows  the  drain/source  current  of  an  irradiated 
quantum  point  contact  without  external  drain/source 
bias.  This  induced  current  tracks  the  subband  struc¬ 
ture  in  a  very  regular  manner  that  is  similar  to  the 
transconductance  of  the  device  measured  without 
radiation.  We  have  identified  this  photovoltaic  effect 
as  a  result  of  thermopower  due  to  an  asymmetric 


Figure  3.  (a)  Drain/source  current  of  an  antenna-coupled 
quantum  point  contact  irradiated  at  different  power  levels 
at  280  GHz  with  zero  external  drain/source  bias  voltage, 
(b)  Same  as  (a),  except  the  far-infrared  radiation  spot  is 
shifted. 


heating  of  the  source  and  drain.  This  analysis  is 
supported  b  .  experimental  evidence  that,  by  shifting 
the  focal  spot  of  the  radiation,  we  can  reverse  the 
polarity  of  the  photon-induced  current,  as  shown  in 
figure  3b.  This  is  a  direct  observation  of 
thermopower  in  a  one-dimensional  electron  system. 
We  are  currently  fitting  the  measured  pfK)ton- 
induced  current  with  quantum  transport  theories  by 
taking  the  finite  drain/source  thermal  conductance 
into  account  and  by  using  a  nonlinear  gate  voltage 
versus  Fermi  energy  relation. 

To  maximize  the  photon-assisted  quantum  process, 
we  have  recently  started  investigating  the  possibility 
of  photon-excited  bound-to-extended-state  transition 
in  an  antenna-coupled  lateral  quantum-well  device 
(or  PRESTFET),  as  shown  in  figure  4.  In  this 
device,  the  dipole-transition  matrix  element  is  on 
the  order  of  the  well  width,  which  is  much  greater 
than  that  in  a  quantum-point-contact  device.  Fur¬ 
thermore,  the  drain/source  resistance  of  a  lateral 
QW  device  is  on  the  order  100  Q,  which  is  much 
smaller  than  that  of  a  quantum  point  contact, 
making  impedance  matching  with  the  planar 
antennas  much  easier.  Vertical  quantum-well  ver¬ 
sions  of  this  device  have  been  well  developed  for 
detection  applications  around  10-/jm  wavelength 
region,  and  video  cameras  with  128  x  128  pixels 
have  been  made  with  temperature  sensitivities 
around  10  mK. 


Rgure  4.  (a)  Schematic  of  an  antenna-coupled  lateral 
quantum-well  device  irradiated  at  far-infrared  frequencies, 
(b)  Illustration  of  photon-excited  bound-to-extended-state 
transition  in  these  devices.  Clearly,  the  operating  frequen¬ 
cies  of  these  devices  can  be  tuned  electrically  by 
changing  the  barrier  heights. 
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3.3  Famtosecond  Dynamical  Studlaa  of 
Quantum  Devicaa  for  Ultrafast 
Electronic  Applications 

Sponsor 

MIT  Lincoln  Laboratory 

Advanced  Concept  Program 

Project  Staff 

Dr.  Simon  Verghese,  Professor  QIng  Hu,  In  collab¬ 
oration  with  Dr.  Elliot  Brown^ 

Solid-state  physics  and  electrical  engineering  com¬ 
munities  are  witnessing  a  trend  in  which  electronic 
devices  are  becoming  smaller  and  their  speeds  are 
becoming  faster.  This  trend  is  driven  by  modem 
society's  insatiable  appetite  for  increasing  capacity 
for  information  processing  and  transmission.  As  a 
result,  the  size  of  the  smallest  features  of  state-of- 
the-art  devices  has  decreased  to  just  several 
hundred  angstroms.  At  this  length  scale,  intersub¬ 
band  spacing  and  Coulomb  interaction  energy  are 
comparable  to  the  Fermi  energy,  and  consequently 
the  devices  behave  as  quantum  mechanical 
systems  (or  artificial  atoms).  In  a  related  project 
(see  section  3.2),  we  have  studied  transport  proper¬ 
ties  of  antenna-coupled  quantum  point  contacts 
under  coherent  far-infrared  radiation  whose  fre¬ 
quencies  are  comparable  to  the  intersubband 
spacing  in  the  point  contact.  In  this  ACC  project,  we 
will  carry  out  transport  studies  in  time  domain  by 
using  subpicosecond  electrical  pulses  generated  by 
Auston  switches  to  study  the  dynamical  processes 
of  electrons  in  quantum-effect  structures.  This  work 
will  substantially  enhance  our  understanding  of  the 
dynamics  of  quantum  structures,  and  novel  ultrafast 
devices  may  also  emerge  from  this  research. 

Our  past  work  in  frequency  domain  has  yielded  new 
information  about  quantum  point  contact  devices 
(such  as  radiation-induced  current  and 
thermopower),  and  we  intend  to  continue  that  effort 
to  improve  the  device  parameters  (mainly  to  use 
better  antenna  structures  to  minimize  heating  and 
maximize  the  quantum  process).  A  better  approach 
would  be  to  study  the  response  of  the  quantum 
devices  in  time-resolved  fashion  by  using  a  pump- 
and-probe  method  with  a  pulsed  laser.  A  100-fs 
laser  pulse  contains  frequency  components  up  to 


10  THz,  which  should  enable  us  to  perform 
spectroscopic  studies  on  quantum  devices  over  a 
broad  frequency  range  that  covers  ail  the  inter¬ 
esting  energy  leveis,  nameiy  the  intersubband  tran¬ 
sition  and  Coulomb  interaction  energies. 
Furthermore,  unlike  a  conventional  far-infrared 
Fourier  transform  spectrometer,  the  brightness  of  a 
pulsed  laser  source  will  enable  us  to  perform  non¬ 
linear  spectroscopy,  in  addition,  the  short  duration 
of  the  laser  pulses  minimizes  heating  effect  and 
enhances  quantum  mechanical  processes.  Finally 
(and  perha^  their  most  attract!^  feature),  time- 
resolved  studies  can  reveal  information  such  as  the 
time  scale  of  transport  process  in  quantum  devices. 
One  of  the  basic  Issues  in  determining  the  potential 
applications  of  quantum  devices,  this  method  may 
eventually  answer  some  fundamental  questions 
such  as  the  traversal  time  of  tunnel,  which  have 
intrigued  physicists  since  the  initial  discovery  of 
quantum  mechanics. 

We  will  pursue  two  types  of  measurements  in  this 
project.  The  first  one  involves  a  far-infrared 
spirometer  pumped  by  a  mode-locked 
Ti.Sapphire  laser  which  we  have  constructed 
recently,  as  shown  in  figure  5.  In  this  set  up,  two 
antenna-coupled  Auston  switches  are  pumped  by  a 
11:Al203  pulsed  laser.  The  THz  electrical  pulses  are 
launched  into  free  space  and  then  combined  by  a 
beam  splitter.  The  combined  beam  is  a  superposi¬ 
tion  of  two  coherent  subpicosecond  electrical  pulses 
whose  relative  time  delay  can  be  varied.  These 
combined  pulses  will  then  be  focused  onto  an 
antenna-coupled  quantum  device  to  generate  a  dc 
electrical  current  in  foe  device  through  foe  photon- 
assisted  transport/lunneling  process.  The  generated 
electrical  current  is  proportional  to  foe  time  autocor¬ 
relation  function  of  the  whole  system,  whose 
Fourier  transform  will  give  foe  frequency  response 
of  the  system.  This  measurement  is  essentially  foe 
same  as  that  made  with  a  conventional  far-infrared 
Fourier  transform  spectrometer  (FTS),  which  uses  a 
Hg-arc  lamp  as  its  source.  There  are  some  major 
a^antages  of  the  pulsed  laser  system,  however. 
First,  its  source  is  mush  brighter  than  that  of  foe 
FTS  so  that  far-infrared  nonlinear  spectroscopy  can 
be  performed.  Second,  the  short  duration  of  foe 
laser  pulses  minimizes  the  heating  effect  and  thus 
enhances  foe  relative  strength  of  foe  photon- 
assisted  quantum  process. 


2  MIT  Lincoln  Laboratory,  Lexington,  Massachusetts. 
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Figure  5.  Schematic  of  an  interferometer  pumped  by  a  pulsed  TirSapphire  laser. 


The  second  type  of  experiment  involves  a  pump- 
and-probe  method,  by  integrating  two  Auston 
switches  monolithically  with  the  quantum-effect  (or 
Josephson)  devices,  as  shown  in  figure  6.  One 
switch  will  be  used  to  apply  a  short  electric  pulse 
on  the  input,  and  the  second  one  will  be  used  to 
probe  the  output  electrical  current  in  a  time- 
resolved  fashion.  This  scheme  differs  from  the  first 


one  in  that  the  pump  and  probe  beams  are  focused 
on  different  spots.  In  this  way,  we  can  measure  the 
time  scale  of  the  transport  process  from  the  input  to 
the  output,  as  well  as  the  spectroscopic  information 
of  the  system.  To  achieve  a  high  speed  from  the 
Auston  switches,  lattice-matched  low-temperature- 
grown  (-TG)  GaAs  materials  which  have 
subpicosecond  recombination  time  will  be  used. 


Figure  6.  Schematic  of  a  three-terminal  (QE  or  Josephson)  device  pumped  by  a  subpicosecond  electrical  pulse  at  the 
input,  and  the  induced  output  current  can  be  time-resolved  by  another  time-delayed  probe  beam. 


3.4  High-Tc  Superconducting 
Josephson  Devices 

Sponsor 

Advanced  Research  Projects  Agency 
Contract  MDA972-90-C-0021 

Project  Staff 

Rajesh  K.  Gupta,  Professor  Qing  Hu,  in  collab¬ 
oration  with  Twente  University 

Many  superconducting  analog  devices  have  been 
demonstrated  to  have  higher  sensitivities,  higher 
speed  and  frequency  limit,  and  lower  power  dissipa¬ 
tion  than  comf^ting  semiconductor  devices.  Among 


them,  the  most  successful  ones  are  supercon¬ 
ducting  quantum  interference  devices  (SQUIDs) 
and  millimeter-wave  detectors. 

ITie  discovery  of  superconductors  with  their  super¬ 
conducting  transition  temperature  higher  than  liquid 
nitrogen  temperature  (high  Te  superconductors)  has 
opened  up  new  and  exciting  possibilities  in  elec¬ 
tronic  device  technology.  High-temperature  ver¬ 
sions  of  the  superconducting  devices  mentioned 
above  will  find  a  much  wider-range  application 
wherever  refrigeration  is  a  problem.  The  key 
element  of  all  superconducting  analog  and  digital 
devices  is  the  Josephson  junction.  This  junction  is 
formed  by  two  superconductors  weakly  coupled 
together  electrically.  The  supercurrent  flowing 
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through  the  Josephson  junction  oscillates  at  the 
Josei^son  frequency  f  >  2  eV/h  (500  GHz/mV), 
when  a  voltage  is  applied  across  the  junction.  Most 
of  the  useful  applications  of  Josephson  devices, 
such  as  high-frequency  and  high-speed  signal  pro¬ 
cessors  arid  high-sensitivity  SQUID  magnetometers 
whose  high  precision  results  from  averaging  over 
many  cycles  of  the  Josephson  oscillations,  result 
from  this  high-frequency  oscillation. 

In  collaboration  with  the  Dutch  group  headed  by 
Professor  Horst  Rogalla,^  which  is  the  leading 
group  in  fabricating  high-quality  high-Tc  Josephson 
junctions,  we  have  studied  the  response  of  a 
YBCO/PBCO/YBCO  ramp-type  junction  to  coherent 
radiation  at  176  GHz  and  270  GHz.  The  l-V  charac¬ 
teristic  of  the  junction  closely  resembles  the  predic¬ 
tion  of  the  model  (resistively-shunted-junction). 
The  critical  current  and  the  normal  resistance 
product  IcRn  of  the  junction  is  0.25  mV  at  5  K.  The 
millimeter-wave  radiation  is  coupled  to  the  junction 
via  a  quasioptical  structure  that  focuses  the  radi¬ 
ation  onto  the  junction  through  a  yttrium-stabilized 
Zr02  substrate.  At  176  GHz,  we  have  observed  as 
many  as  six  Shapiro  steps  at  the  maximum  power 
level  of  our  Gunn  Oscillator-pumped  frequency 
doubler.  This  implies  a  Josephson  oscillation  up  to 
1  THz.  Shapiro  steps  are  still  visible  up  to  65  K. 

The  amplitudes  of  the  zeroth,  first,  and  second 
Shapiro  steps,  as  functions  of  the  square  root  of  the 
radiation  power,  agree  remarKably  well  with  a 
Bessel  function  fit.  This  Bessel-like  behavior  is  an 
indication  that  the  junction  is  voltage-biased  at  the 
radiation  fr^uency.  This  is  in  great  contrast  with 
other  experiments  carried  at  lower  frequencies,  in 
which  a  current-biased  behavior  is  usually 
observed.  For  a  voltage-biased  RSJ-like  junction, 
the  detector  response  can  be  predicted  analytically. 
The  current  responsivity  of  our  device,  defined  as 
the  induced  dc  current  per  unit  RF  power,  is  calcu¬ 
lated  to  be  2  X  10^  A/W,  which  is  comparable  to  the 
quantum  efficiency  e/Acu  - 1 .4  x  10^  A/W  at  this  fre¬ 
quency. 

Taking  advantage  of  the  ideal  RSJ-like  behavior  of 
our  high-Tc  Josephson  junctions,  we  have  studied 
the  noise  effect  on  their  millimeter-wave  response 
by  using  Ambegaokar-Halperin-Lee  (AHL)  theory 
which  is  well  established  for  low-Tc  junctions.  Such 
a  study  is  crucial  in  developing  high-sensitivity 
devices  such  as  millimeter-wave  receivers  and 
SQUID  amplifiers.  According  to  AHL  theory,  noise 
effects  on  an  RSJ  junction  behavior  are  exhibited 


by  the  rounding  of  the  sharp  comer  transition  from 
the  constant  voltage  states  near  the  criticai  current 
and  the  Shapiro  steps  to  the  "running  states”  that 
exhibit  finite  differential  resistance.  This  rounding 
results  from  a  dephasing  of  the  Josephson  pair 
current  due  to  thermal  activation.  The  susceptibility 
to  noise  is  greatest  in  these  transition  regions.  AHL 
theory  predicts  that  the  noise-rounded  l-V  curve 
near  a  Shapiro  step  is  given  by: 

5V- 


where, 

Ti  -  f"^lo(y  sin  0)0- (10,  (2) 

•'0 

and 


Tg  -  sin  0li(y  sin  tf)e"  d0.  (3) 

■'0 

Here,  5W  is  the  actual  voltage  measured  from  the 
center  of  a  given  step  number  n,  Al„  is  the  total 
amplitude  of  the  noiseless  current  step,  din  is  the 
current  measured  from  the  center  of  the  nth  step  for 
5I„  s  Aln/2,  and  Rn  is  the  voltage-independent 
normal  state  resistance  as  found  in  the  R^.  The 
Stewart  McCumber  parameter  Pe  is  equal  to 
(eAI„C/A)R„.,  and  y  is  equal  to  AAln^ekeTN. 
Together  they  give  a  complete  description  of  the 
noise  in  the  system.  Figures  7  and  8  show  the  com¬ 
parison  between  tiie  measured  and  calculated  l-V 
curves  near  the  zeroth,  first,  and  second  Shapiro 
steps.  The  noise  response  of  the  high-Tc 
Josephson  junction  can  be  analyzed  extremely  well 
with  AHL  theory. 

In  figure  9,  we  plot  the  noise  temperature  Tn,  which 
is  used  as  a  parameter  in  fitting  the  AHL  theoretical 
calculation  to  our  measured  l-V  curves,  as  a  func¬ 
tion  of  the  physical  bath  temperature  Tp  that  is  mon¬ 
itored  independently  by  a  Si  thermometer.  Over  a 
broad  temperature  range  from  10  K  to  70  K,  Tn  is 
close  to  the  physical  bath  temperature  to  within  10 
percent,  indicating  that  all  high-Tc  superconducting 
active  devices  based  on  Josephson  effect  could 
reach  thermal-noise  limited  sensitivity. 


3  Twente  University,  Enschede,  The  Netheriands. 
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V  =  V  /  (AI^/2) 


Figure  7.  Experimental  l-V  curves  (dots)  at  selected  physical  temperatures  Tp  are  taken  near  the  critical  current  region 
and  fitted  with  l-V  curves  calculated  from  Eqs.  (1)-(3)  (solid  lines).  The  simulated  noise  temperature  Tn  is  in  italics  and 
the  physical  temperature  is  in  normal  text.  The  current  and  voltage  scales  are  normalized,  and  the  scaling  parameters 
used  are  found  in  the  inset. 
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8v  *  6V/(Al^/2) 


Figure  8.  Similar  to  figure  7,  the  first  and  second  Shapiro  steps  under  176  GHz  coherent  radiation  are  plotted  against 
theoretical  noise-round^  l-V  curves. 


Figure  9.  Estimated  noise  temperature  at  the  zeroth,  first,  and  second  steps  are  plotted  versus  physical  temperature. 
Error  bars  result  from  possible  errors  in  the  measurement  apparatus  and  do  not  represent  inconsistencies  of  fitting  data. 
The  dashed  line  of  slope  1  gives  Tn  -  Tp. 
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3.5  Millimeter-wave  and  Infrared 
Superconducting  Focal-plane  Receiver 
Arrays 

Sponsors 
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National  Aeronautics  and  Space  Administration 
Grant  NAG2-693 

Project  Staff 

Brian  R.  Jacobson,  Professor  Qing  Hu,  in  collab¬ 
oration  with  MIT  Lincoln  Laboratory 

Millimeter  wave  and  far-infrared  frequencies  remain 
one  of  the  most  underdeveloped  frequen^  ranges, 
even  though  the  potential  applications  in  remote 
sensing  and  communication  are  obviously  great. 
This  is  because  the  millimeter  wave  and  far-infrared 
frequency  range  falls  between  two  other  frequency 
ranges  in  which  conventional  semiconductor 
devices  are  usually  operated.  One  is  the  microwave 
frequency  range,  and  the  other  is  the  near-infrared 
and  optical  frequency  range.  Semiconductor 
devices  which  utilize  the  classical  diffusive  transport 
of  electrons,  such  as  diodes  and  transistors,  have  a 
high  frequency  limit.  This  limit  is  set  by  the  time  it 
takes  electrons  to  travel  a  certain  distance.  Cur¬ 
rently,  electron  mobility  and  the  smallest  feature 
size  which  can  be  fabricated  by  lithography  limit  the 
frequency  range  to  below  100  GHz.  This  limit  pro¬ 
bably  cannot  be  pushed  much  higher.  Semicon¬ 
ductor  devices  based  on  quantum  mechanical 
interband  transitions,  however,  are  limited  to  fre¬ 
quencies  higher  than  those  corresponding  to  the 
semiconductor  energy  g^,  which  is  higher  than  10 
THz  for  most  bulk  semiconductors.  Therefore,  a 
huge  gap  exists  from  100  GHz  to  10  THz  in  which 
very  few  devices  are  available. 

The  gap  energies  of  conventional  superconductors, 
such  as  Nb,  are  in  the  range  of  100  GHz  to  2  THz. 
This  coincidence  makes  superconducting  devices 
natural  candidates  for  millimeter  and  submillimeter 
wave  applications.  At  millimeter  wave  frequencies, 
the  superconducting  video  detectors  have  been 
demonstrated  to  have  quantum  efficientty  e/^eo; 
that  is,  a  transport  of  one  electron  for  one  incoming 
photon;  while  the  superconducting  coherent 
receivers  have  been  demonstrated  to  have  their 
sensitivities  limited  only  by  the  zero-point  fluctuation 
of  vacuum.  Such  receivers  have  been  used  widely 
in  astrophysics'  studies.  More  applications  are  fea¬ 
sible  in  spar  based  communication  and  far- 
infrared  spectruscopy  which  requires  the  ultimate 
sensitivity. 

We  are  currently  developing  a  novel  scheme  to 
couple  the  millimeter-wave  and  infrared  signals  to 


the  superconducting  devices  by  using  a  micFoma- 
chined  horn  antenna  and  a  planar  antenna  sup¬ 
ported  by  a  thin  ( ~  l^m)  membrane,  as  shown  in 
figure  10.  This  scheme  combines  the  advantages  of 
easy  fabrication  of  lithographic  thin-film  structures 
and  the  high  antenna  efficiencies  of  horn  antennas. 
Because  of  the  absence  of  substrate  losses  in  this 
scheme,  it  is  expected  that  a  THz  receiver  can  be 
constructed  using  all-Nb  superconductor-insulator- 
superconductor  (SIS)  junctions.  More  important, 
because  of  the  cumbersome  mechanical  structures 
used  in  conventional  waveguide  technology,  micro- 
wave  receivers  have  been  single-element  devices, 
as  opposed  to  CCD  imaging  arrays  at  optical  fre¬ 
quencies.  Spatial  scan  has  been  achieved  mechan¬ 
ically.  Using  the  novel  quasioptical  scheme 
mentioned  above,  focal-plane  detector  arrays  can 
be  fabricated  lithographically  on  a  single  Si  wafer, 
as  shown  in  figure  11,  and  far-infrared  imaging 
becomes  feasible. 


Figure  10.  Example  of  anisotropic  etching  in  a  <100> 
silicon  wafer.  The  opening  of  the  wafer  yiekJs  a  pyramidal 
horn  with  a  flare  angle  of  35.5  degrees. 
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The  first  step  of  this  project  is  to  demonstrate  the 
feasibility  of  fabricating  high-quality  SIS  devices  on 
free-standing  SiN  membranes,  and  to  demonstrate 
that  these  devices  can  survive  thermal  cycling. 
Using  the  microfabrication  facilities  in  Group  86  at 
MIT  Lincoln  Laboratory,  we  have  fabricated  several 
wafers  of  SIS  junctions  with  a  critical  current 
density  of  4-6  kA/cm2.  We  then  etched  the  under¬ 
neath  Si  wafer  anisotropically  in  a  KOH  solution.  A 
picture  of  an  SIS  junction  with  a  dipole  antenna  on 
a  1-/jm  thick  SiN  membrane  is  shown  in  figure  12. 
Extreme  care  was  taken  to  protect  the  SIS  junctions 
from  the  KOH  etchant  during  the  anisotropic 
etching.  Figure  13  shows  the  l-V  curves  of  the  SIS 
junction  measured  before  and  after  the  Si  wafer 
was  etched  away.  There  are  no  noticeable  changes 
in  the  i-V  characteristics  of  the  device.  Clearly,  our 
work  has  established  the  feasibility  of  building 
millimeter-wave  SIS  receivers  using  micromachined 
horn  antenna  structures.  The  referee  of  our  paper,^ 
which  was  recently  published  in  Applied  Physics 
Letters,  commended  this  work  in  his  remark,  "Very 
important  work— This  is  the  next  generation  of  milli¬ 
meter  and  submillimeter  astronomical  receivers. 
Publishl" 


Figure  13.  DC  l-V  curves  for  a  device  on  SiN  membrane 
(a)  before  etching,  and  (b)  after  etching  the  Si  wafer  in 
KOH. 


3.6  Far-infrared  (THz)  Lasers  Using 
Multiple  Quantum  Wells 


Sponsor 
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James  Ernstmeyer,  Jurgen  H.  Smet,  Professor  Qing 
Hu,  in  collaboration  with  Professor  Clifton  G. 
Fonstad,  Jr. 

Semiconductor  quantum  wells  are  man-made 
quantum  mechanical  systems  in  which  the  energy 
levels  can  be  chosen  by  changing  the  sizes  of  the 
quantum  wells.  Typically,  the  fr^uency  corre¬ 
sponding  to  the  intersubband  transitions  is  in  the 
far-infrared  or  THz  range.  Naturally,  long- 
wavelength  photoelectric  devices,  such  as  far- 


Flgure  12.  Photograph  of  an  SIS  device  with  a  dipole 
antenna  and  a  micromachined  horn  structure.  View  of  the 
device  seen  through  the  membrane  using  back  illumi¬ 
nation  of  a  microscope. 


*  E.  Garcia,  B.R.  Jacobson,  and  Q.  Hu,  'Fabrication  of  High-quality  SIS  Junctions  on  Thin  SiN  Membranes,’  Appl.  Phys.  Lett.  63: 1002 
(1993). 
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infrared  lasers,  which  utilize  the  intersubband 
transitions  have  been  proposed  and  subsequently 
studied.  Significant  progress  has  been  m»fe 
recently  toward  this  goal.  Large  oscillator  strengths 
of  intersubband  transitions  have  been  observed  in 
far-infrared  absorption  spectroscopy  experiments. 
An  intersubband  spontaneous  emission  with  a 
power  level  of  ~10'^W  has  been  obsenred. 
Although  these  preliminary  results  are  encouraging, 
two  major  challenges  to  building  a  quantum-well 
far-infrared  laser  still  remain.  One  is  to  achieve  a 
high  degree  of  population  inversion  between  two 
subband  levels,  and  the  other  is  the  confinement  of 
photons  within  the  active  region.  Optical  pumping 
has  low  efficiency  and  low  modulation  speed;  thus  it 
would  be  difficult  to  achieve  sufficient  gain  to  main¬ 
tain  lasing  oscillation  and  would  be  unsuitable  for 
communication  applications.  As  far  as  optical  con¬ 
finement  is  concerned,  the  usual  dielectric  wave¬ 
guide  confinement  method,  commonly  used  in 
optical  and  near-infrared  laser  systems,  is  not  appli¬ 
cation  at  far-infrared  frequencies  because  the  con¬ 
finement  (on  the  order  of  a  wavelength)  is  too  large 
compared  to  the  dimensions  of  the  active  region. 

In  this  project,  we  will  use  a  novel  multiple 
quantum-well  (MQW)  device  to  circumvent  these 
two  problems.  In  this  device,  whose  energy  band 
diagram  is  shown  in  figure  14  with  and  without  a  dc 
bias  voltage,  electrons  are  injected  selectively  into 
an  upper  subband  level  of  a  wide  lasing  quantum 
well  through  a  narrow  filter  quantum  well.  After 
relaxing  into  a  lower  subband  in  the  lasing  well,  the 
electrons  are  then  removed  selectively  to  a  collector 
through  another  narrow  filter  quantum  well.  This 
filter  well  prevents  the  electrons  in  the  upper 
subband  level  from  tunneling  out  to  the  collector. 
Using  this  method  of  selective  injection  and 
removal,  a  high  degree  of  population  inversion  can 
be  achieved,  provided  the  tunneling  rate  of  the 
electrons  from  the  ground  state  to  the  collector  is 
greater  than  the  relaxation  rate  of  the  electrons 
from  the  upper  subband  to  the  ground  state.  Our 
calculation  indicates  that  this  should  be  achieved 
easily. 

In  the  proposed  MQW  laser  device,  a  parallel-plate 
waveguide  that  confines  the  photons  can  be  formed 
between  a  heavily  doped  semiconductor  injector 
and  collector.  At  a  doping  level  of  2x  lO'Vcm^,  we 
can  raise  the  plasma  frequency  in  the  injector  and 
collector  to  about  17  THz.  It  has  been  reported  that 
the  electron  mobility,  /u,  for  such  a  high  doping  level 
is  5x  10^  cmWs.  This  plasma  is  mostly  reflective 
with  a  penetration  depth  as  short  as  0.8  /rm  for  a 
lasing  frequency  in  the  range  of  1  -8  THz.  This  con¬ 
finement  is  sufficiently  tight  so  that  the  lasing 
threshold  current  density  is  on  the  order  of  several 
hundred  A/cm^,  which  should  be  achievable. 


Figure  14.  Band  profiles  (not  drawn  in  proportion)  of  the 
proposed  far-infrared  laser  device  under  (a)  zero-bias, 
and  (b)  lasing  condition  in  which 
Vbm  ~  (Ea  -  E,)/e  -  20mV.  The  device  consists  of  one 
narrow  quantum-well  energy  filter  on  both  sides  of  the 
lasing  quantum  well.  The  width  of  the  narrow  filter  wells 
(made  of  IngjiQac^rAs)  is  approximately  230  A,  so  the 
energy  of  its  first  subband  lies  in  between  the  first  two 
subbands  in  the  wide  lasing  well  whose  width  is  approxi¬ 
mately  360  A,  which  will  have  a  radiation  frequency  of  5 
THz  due  to  the  intersubband  transitions. 

The  first  step  of  this  project  is  to  fabricate  multiple 
quantum-well  structures  with  different  weli  widths 
and  barrier  thicknesses,  and  to  perform  tunneling 
spectroscopy  on  them  to  determine  the  relative 
positions  of  the  subbands  in  different  quantum 
wells.  Because  of  the  small  energy  differences 
which  are  associated  with  the  relatively  wide 
quantum  wells,  the  tunneling  spectroscopy  must  be 
performed  at  liquid  helium  temperatures  Our  initial 
measurements  on  the  tunneling  l-V  characteristics 
revealed  many  features  which  could  be  attributed  to 
elastic  tunneling  and  LO  phonon-assisted  inelastic 
tunneling. 

To  interpret  the  fine  features  of  the  l-V  character¬ 
istics  with  greater  certainty,  we  have  employed  a 
powerful  method,  magnetotunneling  spectroscopy, 
to  study  the  relative  positions  of  the  subbatids 
under  concern.  In  addition  to  spectroscopy,  this 
study  has  a  practical  purpose  for  laser  applications. 
The  nonradiative  intersubband  reiaxation  rate  due 
to  phonon  emissions  is  much  greater  than  that  of 
the  radiative  relaxation  rate.  This  is  mainly 
because  the  transverse  motion  of  electrons  in  the 
lasing  quantum  well  is  unrestricted,  so  there  is  a 
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large  volume  in  the  phase  space  into  which  the 
electrons  are  scattered.  Similar  to  the  concept 
employed  in  a  tokamak  to  confine  plasmas,  a 
strong  magnetic  field  will  restrict  the  electron 
motions  in  the  transverse  directions.  This  magnetic 
field-induced  transverse  confinement,  along  with  the 
longitudinal  confinement  provided  by  the  quantum 
well,  will  effectively  reduce  the  dimensionality  of  the 
electron  system  to  that  of  a  zero-dimensional 
system,  just  like  that  of  quantum  dot  systems. 
Therefore,  the  nonradiative  relaxation  rate  can  be 
substantially  reduced.  Because  the  magnetic  field 
does  not  affect  the  longitudinal  motion  of  electrons, 
electrical  pumping  is  still  possible  which  is  difficult 
to  implement  for  quantum  dot  systems  which  are 
formed  geometrically. 

We  have  performed  magnetotunneling  spectroscopy 
on  a  double  quantum-well  structure  which  consists 
of  115-A  and  200-A  lno.saGao.47As  quantum  wells, 
both  are  confined  by  30^  of  lno52Alo.48As  respec¬ 
tively  on  the  top  and  bottom  and  separated  by  a 
60-A  lno.52Alo.4eAs  middle  barrier.  When  a  longi¬ 
tudinal  magnetic  field  is  applied,  the  tunneling 
current  is  modulated  by  the  field,  as  shown  in 
Figure  1 5a.  The  magneto-oscillation  is  periodic  with 
the  inverse  of  the  magnetic  field  1/B.  Thus,  a 
Fourier  transform  of  this  magneto-oscillation  in  1/B 
gives  a  peak  which  centers  at  a  characteristic  field 
Bo,  as  shown  in  figure  15b. 

The  physical  origin  of  this  magneto-oscillation  is 
scattering-mediated  inter-Landau  level  tunneling. 
Suppose  the  energy  in  the  first  well  is  given  by 
El  +  (n,  +  1/2)fteB/m*,  and  the  energy  in  the  second 
well  is  Ez  +  (n2  +  1/2)fieB/m*,  where  Ei  and  Ea  are 
the  energies  of  the  subbands  in  the  first  and 
second  well  under  concern.  In  the  absence  of  LO 
phonon  emissions,  energy  conservation  requires 
the  two  energies  to  be  equal.  Thus, 
(nz  -  ni)fteB/m*  =  Ei-Ez,  or  1/B  = 

(nz  -  ni)fte/m*{Ei  -  Ez).  This  implies  that  whenever 
1/B  is  an  integer  times  the  inverse  of  a  character¬ 
istic  field  1/Bo-  fte/m*(Ei  -  Ez),  the  energy  conser¬ 
vation  is  satisfied  and  the  tunneling  current  will  be 
enhanced,  which  gives  the  oscillatory  behavior  of 
the  tunneling  current  as  a  function  of  1/B,  as  shown 
in  Figure  15a. 

Since  the  energy  difference  between  the  two  sub¬ 
bands  is  related  to  Bo  through  Ei  -  Ez  -  AeBo/m*, 
this  magnetotunneling  spectroscopy  provides  us 


with  a  very  accurate  method  to  measure  the  relative 
positions  of  the  subbands  under  concern.  Figures 
16  and  17  show  the  subband  energy  levels  as  func¬ 
tions  of  bias  voltage  in  both  forward  and  reversed 
polarities.  These  measured  energy  levels  are  within 
5  percent  from  the  designed  values,  which  is 
remarkable  considering  the  relatively  small  energy 
scales  ( ~  10  meV)  for  far-infrared  af^ications.  This 
accurate  determination  of  subband  energy  levels  is 
crucial  in  successfully  developing  far-infrared 
sources  with  specific  frequencies. 
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Figure  15.  (a)  Tunneling  current  (at  a  fixed  bias  voltage) 
as  a  function  of  the  strength  of  a  magnetic  field  applied  in 
the  same  direction  as  that  of  the  tunneling  current,  (b) 
Fourier  transform  of  the  tunneling  current  as  a  function  of 
1/B. 
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Figure  16.  The  l-V  characteristic  (a)  and  the  subband  energies  (b)  as  a  function  of  applied  forward  bias  at  4.2  K.  The 
quasi-Fermi  level  in  the  emitter  well  is  used  as  the  energy  reference.  Features  A,  B,  C,  and  D  are  unambiguously  identi¬ 
fied  as  A:  —  Bmj.  B:  onset  of  LO-phonon  emission  process  E«,.i  -*  E«,4  +  Eu>:  C:  all  electrons  in  subband  E», 

can  partidpate  in  LO-phonon  emission  process  £«.,  +  Eto:  and  D:  E»,.,  —  E«,j.  The  measured  (designed) 

intersubband  energies  are  E*,^  -  -  47  (48)  meV.  and  E»a -  E«,  -  1 13  (109)  meV. 


Figure  17.  The  l-V  characteristic  (a)  and  the  subband  energies  (b)  as  a  function  of  the  applied  reverse  bias  at  4.2  K. 
The  quasi-Fermi  level  in  the  emitter  well  is  us^  as  the  energy  reference.  Features  A,  B,  C,  D,  and  E  are  identified  as 
A:  Eww.i  -♦  Em,.i;  B;  onset  of  LO-phonon  emission  process  E«,.,  -♦  + Eiol  C;  all  electrons  in  subband  E,«,i  can 

participate  in  LO-phonon  emission  process  E*,.,  —  + Eu>;  D:  E*,j  -*  E*j;  and  E:  E«,  —  E,*,^.  The  measured 

(designed)  intersubband  energies  are  E*,^  -  E*,.,  -  52  (48)  meV,  and  76  (70)  meV. 
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1.1  Introduction 

Sponsor 

Joint  Sen/ices  Electronics  Program 
Contract  DAAL03-92-C-0001 

Our  objectives  are  to  produce  microscopic  theories 
and  to  effect  the  statistical  mechanics  for  electronic 
systems  that  are  constrained  by  finite  sizes, 
quenched  disorder,  and/or  surfaces  and  for  semi¬ 
conductor  systems  that  exhibit  a  multiplicity  of 
structures  on  surfaces  or  in  bulk.  In  these  systems, 
the  microscopic  degrees  of  freedom,  electronic  or 
structural,  are  strongly  coupled  and  therefore  their 
correlated  behaviors  determine  the  mesoscopic  and 
macroscopic  properties.  Examples  are  the 
enhanced  conductivity  of  an  electronic  system,  the 
different  step  arrangements  of  a  vicinal  semicon¬ 
ductor  surface,  or  the  different  surface  or  bulk  struc¬ 
tures  of  a  semiconductor  alloy.  All  of  these  are 
among  the  results  obtained  in  our  research.  The 
correlated  fluctuations  of  the  degrees  of  freedom 
are  dominated,  at  low  temperatures  by  quantum 
effects,  at  higher  temperatures  by  thermal  effects, 
and  in  mesoscopic  systems  by  quenched  impurity 
and  boundary  effects.  Furthermore,  competing 
interactions  between  these  degrees  of  freedom 
often  cause  frustration,  namely  an  inability  to  satisfy 
ail  of  the  interactions,  thereby  injecting  entropy  into 
the  system  and  causing  a  highly  complex  and 
degenerate  free  energy  landscape. 

Renormalization-group  theory,  introduced  by  K.G. 
Wilson  for  critical  phenomena,  is  a  microscopic 
theory  that  can  address  these  effects.  In  our 
research  we  have  developed  this  theory  for  elec¬ 
tronic  conduction  and  semiconductor  systems. 
Renormalization-group  theory  is,  when  systemat¬ 


ically  pursued,  an  almost  guaranteed  procedure  for 
solving  a  complex  physical  problem  by  repeatedly 
thinning  out  the  degrees  of  freedom.  Because  the 
calculation  remains  a  physical  description  at  every 
length  scale,  it  is  ideedly  suited  for  the  inclusion  of 
the  effects  mentioned  above.  Another  used  method 
that  is  well  suited  for  finite-size  boundary  con¬ 
straints.  quenched  impurities,  and  frustration,  is  our 
recently  introduMd  hard-spin  mean-field  theory. 


1.2  Renormalization-Group  Approach  to 
Highly  Correlated  Electronic  ^etems 

Proiect  staff 

Alexis  Falicov,  Professor  A.  Nihat  Berker 

The  metal-insulator  transition,  metallic  magnetism, 
heavy-fermion  behavior,  and  high-Te  super¬ 
conductivity  are  all  finite-temperature  effects  that 
result  from  the  strong  correlation  of  electrons  in 
narrow  energy  bands,  it  is  therefore  of  significant 
interest  to  study  finite-temperature  phenomena  in 
strongly  correlated  electronic  systems.  Accordingly, 
we  have  performed  the  finite-temperature  statistical 
mechanics  of  the  tJ  model  of  electronic  conduction 
in  d  dimensions,  obtaining  the  phase  diagrams, 
electron  densities,  kinetic  energies,  and  correlation 
functions  using  renormalization-group  theory.  While 
zero-temperature  properties  of  the  U  model  have 
been  studied  by  a  variety  of  methods,  the  finite- 
temperature  behavior  of  the  model  had  been 
essentially  unexplored,  especially  in  d*3,  where  we 
now  obtain  a  rich  structure. 

We  find  that  the  renormalization-group  method  is 
very  well  suited  for  the  statistical  mechanics  of  an 
electronic  conduction  system.  The  work  described 
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here  constitutes  an  important  step  for  the  statistical 
mechanics  of  mesoscopic  systems  and  quantum 
dots,  as  desdbed  in  section  4.3  below. 

Our  renormalization-group  calculation  automatically 
yields  the  global  finite-temperature  phase  diagram 
and  statistical  mechanics  of  a  generalized  tJ  model, 
defined,  on  a  lattice  with  one  spherically  symmetric 
orbital  at  each  site  i,  by  the  following  Hamiltonian: 


<  ij  > ,  cr 


-  J  2  Sj  Sj  +  V  2  njnj  +  p  2  nj , 

<  ij  >  <  ij  >  i 

where,  at  each  site  i,  and  Ci<r  are  the  electron 
creation  and  annihilation  operators  with 

z-component  of  spin  a  -  iorf,  n,<, .  Ci<,^Ci<,  and  S  are 
the  electron  density  and  spin  operators,  and 
ni  -  nit-i-nu.  In  this  Hamiltonian,  the  consecutive 
terms  respectively  represent  the  electron  kinetic 
energy,  nearest-neighbor  antiferromagnetic  inter¬ 
action  (for  J>0),  nearest-neighbor  Coulomb  inter¬ 
action,  and  chemical  potential.  The  traditional  tJ 
Hamiltonian  obtains  for  V/J  -  0.25. 

We  find  no  finite-temperature  phase  transition  in 
d»1  and  a  finite-temperature  critical  point  termi¬ 
nating  a  first-order  boundary  in  <i-2  (figure  1a). 
The  first-order  boundary  in  d=2  represents  phase 


Chemical  Potential  pi/J  Hopping  Strength  t/J 


Figure  1.  (a)  Typical  cross-section  of  the  calculated  global  finite-temperature  phase  diagram  for  the  two-dimensional  tJ 
model,  with  t/J>0.2  and  V/J«-0.25.  Between  the  electron-rich  (D)  and  hole-rich  (d)  disordered  phases,  a  phase- 
separation  boundary  terminates  at  a  critical  point  (C).  (b)  Calculated  critical  temperatures  1/Jc  as  a  function  of  relative 
hopping  strength  t/J,  in  two  dimensions.  It  is  thus  seen  that  finite-temperature  phase  separation  occurs  only  for  low 
values  of  t/J. 


separation  between  electron-rich  and  hole-rich 
phases.  As  the  hopping  strength  t  is  increased,  this 
phase  separation  vanishes  around  t/J  ■0.25,  as 
seen  in  figure  1b.  This  result  addresses  a  currently 
controversial  issue  in  the  theory  of  strongly  coupled 
electronic  systems. 

In  d-3,  we  find  a  remarkably  complex  multicritical 
phase  diagram,  with  a  novel  phase  and  multiple 
reentrances  at  different  temperature  scales,  as 
seen  in  figures  2  and  3.  This  phase  diagram  exhi¬ 
bits  antiferromagnetic  (a),  electron-rich  disordered 
(D)  and  hole-rich  disordered  (d)  phases  separated 
by  first-  and  second-order  phase  boundary  lines, 
these  boundary  lines  are  punctuated  by  critical 
points  (C),  critical  endpoints  (E),  tricritical  points  (T), 
and  special  multicritical  points  (M). 

The  antiferromagnetic  phase  of  the  filled  system  is 
unstable  to  a  small  amount  of  doping  by  holes  (by 
about  5  percent  in  figure  3).  One  novel  aspect  is 
the  appearance,  close  to  a  narrow  phase  sepa¬ 
ration  of  hole-rich  and  electron-rich  phases,  of  a 
new  phase  (which  we  have  called  "t”),  occurring  at 
low  temperatures  in  a  narrow  inten/al  of  doping. 
This  phase,  to  our  knowledge  never  seen  before  in 
finite-temperature  phase  transition  theories,  is  the 
only  volume  of  the  extended  phase  diagram  in 
which,  after  repeated  length  rescalings  of  the  renor¬ 
malization-group,  the  electron  hopping  strength  t 
does  not  renormalize  to  zero.  In  fact,  all  the  inter¬ 
action  constants  (t,J,V,jM)  renormalize  to  infinite 
strengths,  while  their  ratios  eventually  remain  con¬ 
stant,  a  typical  behavior  for  the  renormaliza¬ 
tion-group  sink  of  a  low-temperature  phase.  A 
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distinctive  feature  is  that  at  this  sink,  which  as  usual 
epitomizes  the  entire  thermodynamic  phase  that  it 
attracts,  the  electron  density  <  ni  >  has  the  non-unit 
non-zero  value  of  2/3.  This  feature  makes  strong- 
coupling  conduction  possible  by  having  the  system 


non-fuH  and  non-empty  of  eiecirons,  and  has  also 
not  been  seen  previously.  The  occurrence  and 
characteristics  d  our  ne«^  disoovered  phase  are 
quke  suggestive. 


Figure  2.  Typical  cross-section  of  the  calculated  global  finits-tsinperature  phase  diagram  for  the  three-dimensional  tJ 
model,  in  the  temperature  and  electron  chemical  potential  variables.  Rrst-  and  second-order  boundaries  are  shown 
respectively  with  dashed  and  full  curves.  Figures  2b  and  2c  are  respectively  the  blow-ups  of  the  small  rectangles  in 
figures  2a  and  2b.  The  corresponding  temperature  versus  electron  derrsity  ph^  diagram  is  in  figure  3. 


t/J  s  2.25 
V/J  =  0.25 


0.6  0.7  0.8  0.9 

Electron  Density  <n|> 


Figure  3.  Typical  cross-section  of  the  calculated  global  finite-temperature  phase  diagram  for  tfie  three-dimensional  U 
model,  in  the  temperature  and  electron  density  variables.  The  phase  separation  boundaries  of  the  first-order  phase 
transitions  are  drawn  with  dashed  curves;  the  unmarked  regions  inside  these  boundaries  are  the  coexistence  regions  of 
the  phases  marked  at  each  side  of  the  regions.  The  second-order  phase  boundaries  are  drawn  with  full  curves.  The 
temperature  versus  electron  chemical  potential  phase  diagram  corresponding  to  this  figure  is  in  figure  2a. 
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Arwther  feature  is  the  appearance  of  several 
islands  of  the  antiferromagnetic  phase.  The  islands 
are  bounded  by  first-  and  second-order  phase  tran¬ 
sitions  adorned  by  the  various  special  points 
already  mentioned  above.  Thus,  a  multiply  reen¬ 
trant  phase  diagram  topology  obtains.  The  anti¬ 
ferromagnetic  phase  also  occurs  as  a  narrow  sliver, 
within  the  disordered  phase  reaching  zero  temper¬ 
ature  between  the  antiferromagnetic  and  "t” 
phases.  The  appearance  of  the  antiferromagnetic 
islands  at  dopings  in  the  neighborhood  of  the  "t" 
phase  indicates  that,  when  the  electron  hopping 
strength  t  strengthens  under  rescaling,  antiferro- 
magneticaliy  long-range  correlated  states  acquire 
substantial  off-diagonal  elements,  which  lowers  the 
free  energy  of  the  antiferromagnetic  phase.  On  the 
less  dense  side  of  the  boundary  of  the  "t'*  phase,  a 
lamellar  sequence  of  antiferromagnetic  slivers  and 
disordered  inlets  occurs,  at  several  temperature 
scales,  as  seen  in  the  blow-ups  of  figures  2b  and 
2c. 

We  have  calculated  electron  densities,  kinetic  ener¬ 
gies 


<  C|/Cjf  +  Cj/Cjj  +  Cj/Cji  +  Cj/Cn  >  , 

and  nearest-neighbor  density-density  and  spin-spin 
correlation  functions  by  summing  along  renormal¬ 
ization-group  trajectories  and  matching  to  the  densi¬ 
ties  of  phase  sinks.  The  kinetic  energies  reflect  the 
conductivity  of  the  system  as  seen  from  the  sum 
rule 

Trj”dwRe[a„„{w)]  -  -:^<Tij>  , 

where  cr„a(w)  is  the  frequency-dependent  conduc¬ 
tivity,  e  is  the  electronic  charge,  and  a  is  the  lattice 
spacing.  Thus,  the  conductivity,  as  expected,  goes 
to  zero  in  the  dilute  and  dense  limits  (figure  4) 


1.3  Statistical  Mechanics  of 
Mesoscopic  Systems  and  Quantum 
Dots 

Project  Staff 

Alkan  Kabakgioglu,  Alexis  Falicov,  Professor  A. 
Nihat  Barker 

Our  electronic-system  renormalization-group  calcu¬ 
lations  are  now  being  merged  with  (1)  finite-system 


calculations,  for  a  variety  of  boundary  conditions, 
using  methods  that  we  have  perfected  in  previous 
work  on  surface  systems,  and  (2)  quenched  impuri¬ 
ties,  including  pinning  potentials,  in  the  interior  or  at 
the  boundary,  using  methods  that  we  have  devel¬ 
oped  in  the  work  of  section  4.4  below.  Thus,  the 
statistical  mechanics  of  mesoscopic  systems  and 
quantum  dots  will  be  achieved. 

Our  calculations  yield  the  entire  statistical 
mechanics  of  the  systems  that  are  studied, 
including  for  the  first  time  the  kinetic  energies 
(figure  4).  The  kinetic  energy  is  related  by  a  sum 
rule  to  the  ac  conductivities,  as  mentioned  above. 
However,  a  direct  calculation  of  ac  and  dc  conducti¬ 
vities  by  renormalization-group  theory  would  be  a 
highly  desirable  and  needed  contribution.  We 
intend  to  pursue  this  by  combining  the  renormaliza¬ 
tion-group  rescaling  behaviors  of  the  hopping 
strength  and  the  local  correlations.  Using  this 
approach,  it  should  be  possible  to  calculate  the 
conductivities  across  a  specific  realization  of  a 
mesoscopic  system  for  any  arbitrary  distribution  of 
contact  points  at  the  boundary.  This  is  made  pos¬ 
sible  by  the  real-space  formulation  of  the  renormal¬ 
ization-group  theory,  which  stays  closely  coupled  to 
the  physical  description  of  the  system  at  each  step 
of  the  calculation. 

The  effect  of  a  magnetic  field  will  also  be  added  to 
the  Hamiltonian.  Thus,  for  different  physical  real¬ 
izations,  the  kinetic  energies  and  conductivities  wiil 
be  calculated  as  a  function  of  magnetic  fieid 
strength  and  temperature,  yielding  an  accessible 
first-principles  study  of  these  "magnetofingerprints" 
of  mesoscopic  systems. 


1.4  Collective  Phenomena  in  Systems 
with  Quenched  Impurities  and 
Frustration 

Project  Staff 

Alexis  Falicov,  Daniel  P.  Aalberts,  Professor  A. 
Nihat  Barker 

Our  studies  of  systems  with  quenched  randomness 
and  frustration  have  yielded  (1)  new  phenomena 
that  are  very  generally  applicable  and  (2)  highly 
developed  theoretical  tools  to  deal  with  such  effects 
in  electronic  and  semiconductor  systems.  These 
theoretical  tools  consist  of  the  renormaliza¬ 
tion-group  theory,  which  we  have  perfected  for  the 
study  of  systems  with  quenched  randomness,  and 
the  hard-spin  mean-field  theory,  which  for  the  first 
time  conserves  frustration  and  which  in  fact  was 
introduced  in  these  studies.  Frustration,  which  sig¬ 
nifies  the  lack  of  a  unique  local  minimum-energy 
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Figure  4.  Electron  kinetic  energies  in  the  tJ  model,  calculated  by  renormalization-group  theory,  at  temperature  1/J=2 
across  the  phase  diagram  of  figure  3.  These  kinetic  energies  are  related  to  the  conductivities  by  the  sum  rule  given 
above. 


state  due  to  competing  interactions,  appears  to 
underly  phenomena  in  systems  ranging  from  spin- 
giasses  (where,  as  we  have  discovered,  a  chaotic 
rescaling  behavior  results)  to  liquid  crystals  and  to 
high  Tc  superconductivity. 

One  of  our  general  results  is  that,  under  quenched 
random  interactions,  all  first-order  phase  transitions 
that  involve  a  symmetry  breaking  are  converted  into 
second-order  phase  transitions.  This  amounts  to 
the  generation  of  infinite  correlation  lengths  by  the 
effect  of  impurities!  This  prediction,  which,  for 
example,  raises  the  possibility  of  replacing  the 
uncontrolled  hysteresis  loops  of  probing  devices  by 
infinite-response  functions,  was  originally  indicated 
by  our  general  domain  wall  argu  ^nts.  Most 
recently,  our  detailed  renormalization  ^  oup  calcula¬ 
tions  have  confirmed  the  prediction,  for  example 
with  the  phase  diagram  of  a  spin-1  magnetic  model 
(the  Blume-Emery-Griffiths  model),  used  in  the 
study  of  electronic  systems  and  of  semiconductor 
alloys.  The  pure  (non-random)  system  has  first- 
order  phase  transitions  at  low  temperatures  and  low 
densities,  and  second-order  phase  transitions  at 
high  temperatures  and  high  densities.  Our  calcula¬ 
tions  show  that,  with  the  introduction  of  quenched 
randomness  into  the  interactions,  first-order  transi¬ 
tions  are  converted  to  second-order  transitions, 
which  then  reach  zero  temperature  and  low  densi¬ 
ties. 


1.5  Surface  and  Bulk  Structures  of 
Semiconductor  Alloys 

Project  Staff 

William  C.  Hoston,  Asad  A.  Naqvi,  Alkan 
Kabakgioglu,  Professor  A.  Nihat  Barker,  in  collab¬ 
oration  with  Professor  John  D.  Joannopoulos 

Ternary  and  quaternary  semiconductor  alloys  can 
exist  in  zincblende,  chalcopyrite,  or  possibly 
stannite  structures,  involving  two  interpenetrating 
fee  lattices  on  which  up  to  four  atomic  species  exist. 
One  atomic  species  occupies  one  of  the  fee  lattices 
while  three  other  atomic  species  may  (chalcopyrite, 
stannite)  or  may  not  (zincblende)  order  on  the  other 
fee  lattice.  The  structural  phase  diagram  of  these 
alloys  as  a  function  of  atomic  interactions,  composi¬ 
tion,  and  temperature  is  of  interest.  In  recent  work, 
K.E.  Newman  and  collaborators  have  adapted  the 
spin-1  Ising  (Blume-Emery-Griffiths)  model  to  the 
study  of  zincblende  to  chalcopyrite  or  stannite  tran¬ 
sitions.  In  this  model,  the  three  spin  values  are 
each  associated  with  a  different  species  of  atom.  A, 
B,  or  C,  which  exist  on  one  of  the  fee  lattices.  The 
other  fee  lattice  is  occupied  by  atomic  species  D. 
The  systems  under  consideration  have  the  compo¬ 
sition  [(AB),.,C2x]D2.  Precise  values  of  the  model 
interaction  strengths  applicable  to  the  semicon¬ 
ductor  alloy  systems  will  be  provided,  in  our  work, 
from  the  total  energy  calculations  of  Professor  J.D. 
Joannopoulos.  The  regimes  of  the  model  that  are 
applicable  to  the  alloy  systems  include  negative 
bilinear  and  negative  biquadratic  interactions,  and 
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therefore  frustration,  both  features  bringing  inter¬ 
esting  complications.  Newman  et  al.  obtained 
unusual  phase  diagrams  using  a  cluster-variational 
theory,  which  does  not  include  correlated  fluctu¬ 
ations  and  frustration  at  the  level  of  renormaliza¬ 
tion-group  theory  and  hard-spin  mean-field  theory. 

In  our  previous  works,  we  have  studied  the  Blume- 
Emery-Griffiths  model  extensively.  Most  recently 
we  have  studied  the  negative  biquadratic  interaction 
regimes,  finding  six  new  phase  diagrams,  with  a 
novel  multicritical  topology  and  two  new  ordered 
phases.  Thus,  we  have  determined  that  the  phase 
diagram  of  this  simple  spin  system  includes  nine 
distinct  topologies  and  three  ordered  phases. 
These  results  were  obtained  by  a  global  mean-field 
theory  with  four  independent  order  parameters. 
Our  renormalization-group  theory  confirmed  the 
occurrence  of  critical  points  inside  an  ordered 
phase,  a  question  that  had  been  raised  by  mea¬ 
surements  on  metamagnetic  alloys. 

However,  since  the  fee  lattice  is  frustrated,  analysis 
beyond  standard  mean-field  theory  is  required.  Our 
new  method,  "hard-spin  mean-field  theory",  incorpo¬ 
rates  the  hard-spin  condition  of  local  degrees  of 
freedom  and  thereby  conserves  frustration.  We 
have  tested  this  method  on  frustrated  triangular  and 
stacked  triangular  lattices  with  the  spin- 1/2  Ising 
model,  obtaining  excellent  results.  We  intend  to 
apply  the  method  to  the  Blume-Emery-Griffiths 
model  on  the  fee  lattice,  which  is  more  frustrated. 
We  also  intend  to  use  renormalization-group  theory, 
which  a  preliminary  study  we  have  done  indicates  is 
feasible  on  this  complicated  physical  system. 

Furthermore,  these  semiconductor  alloys  are 
expected  to  have  a  variety  of  surface  reconstruction 
phases  on  different  crystal  facets  and  a  variety  of 
step  structures  on  vicinal  surfaces.  Our  calcula¬ 
tions  will  be  extended  to  these  effects,  also  using 
the  meandering  step-Hamiltonian  method  intro¬ 
duced  in  our  previous  study  of  vicinal  silicon  (100) 
surfaces.  These  calculations  for  bulk  and  surfaces 
of  semiconductors  integrate  the  electronic  energy 
determinations  of  Professor  J.O.  Joannopoulos  with 
statistical  mechanics,  and  thereby  are  uniquely  first- 
principles  calculations  for  physical  systems. 
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2.1  Introduction 
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In  this  research  program,  we  use  modern  x-ray 
scattering  techniques  to  study  structures  and  phase 
transitions  in  thin  films  and  on  surfaces.  We  have 
two  principal  experimental  facilities,  one  at  MIT  and 
the  other  at  the  National  Synchrotron  Light  Source 
at  Brookhaven  National  Laboratory.  At  MIT,  we 
have  four  high-resolution  computer-controlled  x-ray 
spectrometers.  The  angular  resolution  can  be 
made  as  fine  as  1 .8  seconds  of  arc,  which  enables 
us  to  probe  the  development  of  order  from  dis¬ 
tances  of  the  order  of  the  x-ray  wavelength  1  A,  up 
to  30,000  A.  The  sample  temperature  can  be 
varied  between  2K  and  500K  with  a  relative  accu¬ 
racy  of  2  X  10- ®  K.  At  the  National  Synchrotron  Light 
Source,  in  collaboration  with  IBM,  we  have  three 
fully  instrumented  beam  lines.  Two  of  these  beam 
lines  allow  us  to  make  studies  with  photons  varying 
in  energy  between  3  and  12  keV;  the  third  has  a 
fixed  energy  of  17  keV.  These  faciiities  make  pos¬ 
sible  high-resolution  scattering  experiments  with  a 
flux  more  than  three  orders  of  magnitude  larger 
than  that  of  a  rotating  anode  x-ray  generator,  in 
collaboration  with  Professor  Simon  G.J.  Mochrie, 
we  have  now  designed,  buiit,  and  commissioned  a 
second-generation  extremely  versatile  x-ray  surface 
facility  which  allows  a  wide  range  of  surface  scat¬ 
tering  experiments. 

Our  basic  scientific  objective  is  to  understand  the 
morphologies  and  microscopic  structures  of  simple 
semiconductor  and  metal  surfaces  at  high  temper¬ 
atures.  Possible  phase  changes  include  surface 
roughening,  surface  reconstruction,  melting, 
amorphization,  and  dilution. 

Semiconductor  surfaces  exhibit  rich  structural  and 
morphological  behavior  in  both  equilibrium  and  non¬ 


equilibrium  steady-state  conditions.  Equilibrium 
structures  and  phase  transitions  of  high-symmetry 
facets  are  often  closely  related  to  important  models 
in  two-dimensional  statistical  mechanics.  The 
physics  of  stepped  (vicinal)  surfaces,  even  in  equi¬ 
librium,  is  subtle  and  pooriy  understood.  For 
example,  stepped  surfaces  should  always  be  rough 
because  of  the  freedom  of  the  steps  to  wander. 
Step  stmctures  and  spacing  should  be  profoundly 
affected  by  any  nearby  high-symmetry  surface 
reconstruction.  Their  association  bears  on  issues 
of  faceting  and  equilibrium  crystal  shapes.  The 
steps  themselves  may  exhibit  phase  transitions  that 
involve  dislocations  and/or  bunching  in  the  step 
lattice  as  well  as  step-height  changes;  changes  in 
the  morphology,  especially  those  involving  vacancy 
aggregates,  should  be  strongly  affected  by  nearby 
steps. 

Semiconductor  surface  physics  involves  funda¬ 
mental  issues  in  statistical  mechanics  that  are 
important  to  a  broad  spectrum  of  other  problems. 
Furthermore,  elucidating  the  factors  that  control  the 
morphology  and  perfection  of  vicinal  semiconductor 
surfaces  can  be  expected  to  lead  to  improved  elec¬ 
tronic  device  processing  and  ultimately  improve 
semiconductor  device  performance  and  lifetime. 


2.2  Vicinal  Semiconductor  Surfaces 

Previously,  our  research  on  vicinal  semiconductor 
surfaces  was  focused  on  the  faceting  behavior  of 
vicinal  Si(111)  around  the  1  x  1  to  7  x  7  recon¬ 
struction  transition  at  HOOK.  Above  HOOK,  the 
steps  are  on  average  uniformly  spaced,  but  the 
surface  is  rough  due  to  fluctuations  in  the  positions 
of  the  steps.  In  the  course  of  these  studies,  we  dis¬ 
covered  some  novel  non-equilibrium  faceting 
pheomena  which  occur  at  higher  temperatures  and 
which  appear  to  be  driven  by  applied  electric  fields. 
We  have  been  sti^ing  these  phenomena  using 
both  x-ray  and  optical  diffraction  techniques.  Our 
most  recent  results  are  as  follows. 
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We  have  observed  an  intricate  faceting  behavior  of 
vicinal  Si(111)  which  depends  on  the  direction  of 
the  current  flowing  through  the  sample.  The 
behavior  above  1375K  (and  perhaps  lower)  is  quali- 
tativeiy  similar  for  miscuts  of  3  and  5  degrees 
toward  <1 1  -  2>  and  3  degrees  toward  <  - 1  - 12>. 
The  faceting  can  be  longitudinal  (step  bunching)  or 
transverse  (step  wandering),  apparently  due  to 
instabilities  in  the  step  flow  during  subiimation.  In 
support  of  this  hypothesis,  our  experiments  indicate 
that  these  transformations  are  sharp  in  temperature 
and  DC  bias.  For  positive  current  (current  fiowing 
down  the  steps),  there  is  a  transverse  instability 
between  1175K  and  1575K.  For  negative  current, 
the  steps  are  stabilized  transversely.  Longitudinal 
instabilities  occur  for  alternating  current  directions 
as  a  function  of  temperature.  The  instability  exists 
for  positive  current  at  1175K,  for  negative  current 
between  1275K  and  1525K,  and  for  positive  current 
above  1525K. 

Most  of  our  studies  have  been  of  the  time  and 
history  dependence  of  these  transformations.  As 
expected,  the  rates  increase  with  temperature  and 
magnitude  of  DC  bias.  At  the  highest  rates,  the 
surface  morphology  will  continue  to  evolve  for  at 
least  12  hours.  However,  the  rate  of  change 
decreases  exponentially  with  time.  Two  lengths  are 
associated  with  faceting:  the  facet  spacing  and  the 
correiation  length  of  the  facets.  For  transverse 
facets,  the  facet  spacing  initially  increases  rapidly 
then  becomes  almost  constant  in  time,  it  aiso 
appears  to  decrease  slightly  with  temperature.  The 
correlation  of  the  facets  falis  off  exponentially  with 
the  distance  between  facets.  The  associated  corre¬ 
lation  iength  decreases  with  time. 

The  behavior  of  the  steps  aiso  depends  on  the 
history  of  the  sampie.  Although  it  is  possibie  to 
facet  and  unfacet  a  surface,  it  appears  that  a 
surface  which  has  never  been  faceted  behaves  dif¬ 
ferently  from  one  which  has  been  faceted.  For  neg¬ 
ative  current  above  1525K,  a  surface  wiil  unfacet 
both  longitudinally  and  transversely  forming  an  opti¬ 
cally  flat  surface.  On  the  other  hand,  a  never- 
faceted  surface  will  become  optically  rough.  Also,  a 
surface  which  has  been  heated  to  1475K  for  an 
extended  period  using  AC  current  deveiops  disor¬ 
dered  facets  which  are  difficult  or  impossible  to 
remove. 

We  are  continuing  our  studies  of  these  most  unex¬ 
pected  phenomena. 


2.3  Chiral  Melting  of  the  Si(113)  (3x1) 
Reconstruction 

According  to  the  concept  of  universality,  the  critical 
behavior  near  a  continuous  phase  transformation 
depends  only  on  the  most  general  aspects  of  the 
system  in  question,  such  as  the  symmetry  of  the 
phases  involved  and  the  dimensionality  of  space. 
Thus,  the  phase  transformations  of  many  disparate 
materials  fall  into  universality  classes,  within  each 
of  which  the  critical  exponents  and  certain  universal 
constants  are  independent  of  microscopic  details 
and  delineate  the  universality  class.  It  is  generally 
believed  that  two-dimensional  (2D)  phase  transfor¬ 
mations  may  be  understood  in  terms  of  a  limited 
number  of  well-known  universality  classes.  There¬ 
fore,  the  appearance  of  a  new  2D  universality  ciass 
is  of  special  interest,  particuiariy  when  the  criticai 
behavior  corresponds  to  a  simple  and  generic  sta¬ 
tistical  mechanical  model,  and  also  is  unusual  in  its 
own  right.  The  experimental  characterization  of 
such  a  universality  class  is  the  topic  of  this 
research. 

In  collaboration  with  Professor  Simon  G.J.  Mochrie, 
we  have  earned  out  a  detailed  x-ray  scattering 
study  of  the  (3  x  1)-to-disordered  phase  transforma¬ 
tion  of  the  Si(113)  surface.  A  continuous 
commensurate-solid  to  incommensurate-fluid  trans¬ 
formation  at  Te  -  950  ±  40K  is  observed.  At  the 
transformation,  the  reconstmeted  layer  becomes 
un[axially  incommensurate  along  the  cubic 
(llO)-direction  (x-direction).  It  _  remains 
commensurate  along  the  (332)-direction 
(y-direction).  Critical  scattering  shows  power-law 
behavior  over  nearly  two  decades  of  reduced  tem¬ 
perature  (t  =  (T  -  Tc)/Tc)  with  exponents 
P  -  0.66  ±0.05  for  the  incommensurability 
(c).  V,  -  0.65  ±  0.07  for  the  inverse  correlation 
iength  in  the  incommensurate  direction  (k,), 
Vy  -  1 .06  ±  0.07  for  the  inverse  correlation  length  in 
the  commensurate  direction  (ky)  and 
y  -  1 .56  ±  0.13  for  the  susceptibility  (x). 

Below  Tc,  the  variation  of  the  square  of  the  order 
parameter,  proportional  to  the  peak  intensity  at  the 
commensurate  position  (lo),  varies  with  an  exponent 
2P  -  0.22  ±0.04.  It  is  noteworthy  that  the  corre¬ 
lation  lengths  in  the  disordered  phase  scale  aniso- 
tropically,  that  is  v,xVy,  and  that  the  collected 
exponents  do  not  conform  to  those  of  any  previ¬ 
ously  known  universality  class.  In  addition  to  the 
critical  exponents  of  the  transformation,  two  uni¬ 
versal  constants  have  been  measured.  The  ratio  of 
the  incommensurability  and  the  inverse  correlation 
length  along  the  incommensurate  direction  in  the 
disordered  phase  is_found  to  be  independent  of 
temperature,  that  is  ^  -  Vx,  and  to  have  the  value 
Wo  -  1.6  ±  0.2.  This  is  consistent  with  predictions 
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for  a  new  two-dimensional  chiral  melting  universality 
clas^.  Also,  the  combination  R.  >  X'(xKy/loV„  where 
Vr  is  the  two-dimensional  resolution  volume,  is  inde¬ 
pendent  of  the  reduced  temperature,  consistent  with 
the  derived  hyperscaling  relationship 
V, -t-Vy  -  y*2fi.  According  to  the  hypothesis  of 
two-scale  factor  universality,  R*  is  a  universal  con¬ 
stant,  which  we  find  takes  the  value 
R,  -  0.07  ±0.03. 


2.4  Two-Dimensional  Melting 

In  spite  of  many  years  of  study,  the  nature  of 
melting  in  two-dimensions  continues  to  be  a  contro¬ 
versial  issue.  Many  theories  suggest  that  melting 
should  be  strongly  first  order  as  in  three  dimen¬ 
sions.  Alternatively,  melting  in  two  dimensions  may 
be  continuous;  the  specific  mechanism  is  the 
unbinding  of  pairs  of  point  dislocations  in  a  manner 
analogous  to  the  proposed  unbinding  of  vortices  in 
two-dimensional  superfluids. 

We  have  carried  out  a  study  of  the  melting  transi¬ 
tion  of  near-monolayer  xenon  adsorbed  onto  the 
basal  planes  of  single  crystal  graphite  at  a  temper¬ 
ature  of  140K.  Xenon  on  graphite  is  widely 
regarded  as  a  model  system  for  the  investigation  of 
two-dimensional  melting  in  the  presence  of  a  weak 
orientational  ordering  field.  It  has  been  suggested 
that  it  may  represent  an  example  in  which  melting 
occurs  continuously  through  the  unbinding  of 
topological  defects  in  a  manner  analogous  to  the 
Kosterlitz-Thouless  transition  in  superfluids.  Recent 
thermodynamic  studies  by  Chan  and  coworkers 
have  reported  that  the  melting  of  near-monlayer 
xenon  on  graphite  is  always  first  order  in  contrast  to 
the  observations  of  previous  x-ray  scattering  studies 
as  well  as  compressibility  studies  by  Suter  and 
coworkers. 

Our  investigation  confirms  that  at  a  temperature  of 
140K  there  is  indeed  a  continuous  evolution  of  the 
length  scale  of  the  positional  fluctuations  corre¬ 
sponding  to  a  transition  from  a  finite-size  limited  20 
solid  to  a  well  correlated  (~100A)  orientationaiy 
ordered  20  liquid.  The  relevant  data  are  shown  in 
figure  1 .  This  figure  shows  longitudinal  and  trans¬ 
verse  x-ray  scans  through  the  (10)  Bragg  peak  of 
the  monolayer  xenon  triangular  lattice.  In  this 
series  of  scans  the  temperature  is  held  fixed  while 
the  xenon  pressure  is  varied  continuously.  The 
actual  melting  transition  occurs  at  17.5±0.2Torr.  It 
can  be  se'm  from  the  figure  that  with  decreasing 


pressure  the  diffraction  peaks  broaden  progres¬ 
sively  and  the  intensity  decreases  continuously. 
This  is  the  signature  of  a  continuous  rather  than 
discontinuous  (first  order)  meitir^  process,  thus 
confirming  that  melting  at  140K  is  indeed  contin¬ 
uous. 

One  signature  of  a  continuous  transition  in  a  finite- 
size  limited  2D  XY  model  is  that  the  order  param¬ 
eter  should  simulate  a  smeared  power  law  with 
exponent  P  -  0.23.  We  show  in  figure  2  the  meas¬ 
ure  solid  intensity  as  a  function  of  chemical  poten¬ 
tial  near  the  melting  transition.  The  solid  line  is 
rounded  power  law  with  ^-0.23.  Clearly,  this 
model  works  very  well. 
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Figure  1.  Longiti^inai  scans  obtained  at  140K  dose  to  the  melting  transition,  as  analyzed  in  terms  of  an  aligned  liquid 
model.  The  transition  is  at  ~  17.5  Torr.  Note  that  the  peak  half-width  at  half-maximum  evolves  continuously  as  the  finite¬ 
sized  solids  melts  into  the  aligned  liquid  phase.  The  dashed  lines  shown  in  the  panels  at  16.58  Torr  and  16.27  T 
correspond  to  the  lineshape  predicted  from  a  finite-sized  analysis  in  the  case  that  the  exponent  rjo  is  constrained  to 
fitted  value  deep  in  the  solid  phase,  tja  •  0.45.  It  is  dear  that  the  data  at  lower  vapor  pressures  can  no  longer 
described  by  the  solid  lineshape. 
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FIgura  2.  Intensity,  So,  obtained  from  our  finite-sized  solid  model  versus  reduced  chemical  potential.  The  solid  line 
represents  the  results  of  a  fit  to  the  power  law  form  - 1}*^,  with  fi  •  0.23  and  Pm  smeared  with  a  Gaussian  disIribU' 
tion  of  reduced  chemical  potentials,  ii/iiu,  with  width  ~  0.005. 
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The  classic  view  of  dissociative  chemisorption  of  a 
molecule  incident  on  a  surface  involves  cleavage  of 
the  bond  of  an  incident  molecule  by  formation  of 
two  bonds  to  the  surface.  The  result  is  two  frag¬ 
ments  adsorbed  on  the  surface.  The  dissociation 
proceeds  in  this  manner  because  the  formation  of 
two  bonds  is  energetically  necessary  for  bond 
cleavage.  This  classic  mechanism  for  dissociative 
chemisorption  is  operative  in  many  molecule- 
surface  systems.  In  contrast,  one  can  envision 
bond  cleavage  by  formation  of  a  single  surface- 
atom  bond  if  the  energy  released  by  this  bond  for¬ 
mation  is  greater  than  the  bond  energy  of  the 
incident  molecule.  Generically,  this  mechanism, 
known  as  abstraction,  is  a  well-documented 
reaction  mechanism  between  two  gas  phase  mole¬ 
cules. 

With  JSEP  support,  we  have  recently  documented 
the  dissociative  chemisorption  of  a  molecule  on  a 
surface  by  an  abstraction  mechanism.  Specifically, 
we  demonstrated  that  a  Si(1 00)2x1  surface 
abstracts  one  F  atom  from  an  incident  F2  molecule 
by  detecting  the  complementary  F  atom  scattered 
back  into  the  gas  phase  with  a  triply  differentially 
pumped,  rotatable,  quadrupole  mass  spectrometer 
in  a  molecular  beam-surface  scattering  UHV  appa¬ 
ratus.  In  addition,  we  coupled  these  experiments 
with  He  atom  diffraction  from  the  resulting 
fluorinated  surface  to  demonstrate  that  the  Si 
surface  dangling  bonds  are  responsible  for  the 


abstraction  and  are  the  sites  for  F  adsorption. 
Because  of  the  experimental  complexities  in  the 
detection  of  reactive  radicals  such  as  F  atoms,  this 
mechanism  has  not  been  found  in  numerous  pre¬ 
vious  studies  of  the  imeraction  of  fluorine  and 
fluorine  containing  molecules  with  Si. 

Briefly,  the  triply  differentially  pumped  F2  beam  is 
formed  by  expansion  of  a  mixture  of  1  percent  F2  in 
Kr.  The  velocities  of  the  incident  and  scattered 
beam  are  determined  by  cross  correlation  ttme-of- 
flight  (TOF)  methods.  The  beam  is  directed  at  an 
n-type  Si(IOO)  crystal  that  can  be  heated  resistively 
and  cooled  to  150  K.  The  crystal  is  etched  prior  to 
insertion  into  the  vacuum  chamber  where  it  is  repet¬ 
itively  sputtered  and  annealed  (850°C  for  30 
minutes)  until  Auger  spectroscopy  reveals  carbon 
as  the  only  contaminant,  at  a  1  percent  or  less 
level.  The  atom  diffraction  measurements  show  the 
surface  to  exhibit  the  well-documented  (2x1)  recon¬ 
struction  associated  with  the  formation  of  Si  surface 
dimers.  In  real  space,  the  surface  exhibits  rows  of 
Si-Si  dimers,  with  one  dangling  bond  per  Si  atom. 

Identification  of  the  abstraction  mechanism  by 
detection  of  the  scattered  F  atom  is  complicated  by 
the  fragmentation  of  the  unreactively  scattered  F2  in 
the  electron  bombardment  ionizer  of  the  mass 
spectrometer  to  produce  both  F$  (m/eB38)  and  F* 
(m/e=>19)  ions.  Therefore,  a  signal  obsenred  at 
m/e-19  will  contain  a  contribution  from  scattered  F2 
as  well  as  from  F  atoms,  if  present.  We  can  distin¬ 
guish  between  F^  arising  from  F  atoms  and  that 
produced  by  the  cracking  of  F2  on  the  basis  of  the 
different  velocities  with  which  they  scatter  from  the 
surface.  Two  features  are  clearly  okxsenred  in  the 
time  of  flight  spectrum,  a  narrow  one  at  short  times 
and  a  broad  feature  at  longer  times.  The  TOF  dis¬ 
tribution  measured  at  m/es38,  scaled  by  the  F^/F$ 
cracking  ratio,  can  be  superimposed  on  the  m/e=19 
spectrum.  The  single  feature  in  m/e-38  distribution 
is  observed  to  occur  at  the  same  flight  time  as  the 
broad  one  in  the  m/e-19  distribution  and  its  inten¬ 
sity,  scaled  to  represent  the  component  of  the 
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m/e=19  signal  attributed  to  Fj,  matches  well  the 
intensity  of  the  broad  feature  in  the  m/e-19  spec¬ 
trum.  These  two  obsenrations  lead  to  the  conclu¬ 
sion  that  the  broad  feature  arises  from  the  cracking 
of  the  unreactively  scattered  F2  while  the  narrow, 
short  time  feature  arises  from  scattered  F  atoms.  A 
point-by-point  subtraction  of  the  two  distributions 
yields  the  net  scattered  F  atom  TOF  distribution. 
From  the  fits  to  the  distributions,  the  flux-weighted 
average  velocities  of  F  and  F2  are  determined  to  be 
1140±40  m/s  and  430±32  m/s,  respectively,  for  a 
surface  temperature  of  250K.  The  incident  F2 
velocity  is  390  m/s.  Measurements  of  the  TOF  dis¬ 
tributions  of  F  and  F2  scattered  from  a  surface  at  a 
temperature  of  1000  K  show  that  the  velocity  of  the 
scattered  F  is  independent  of  temperature 
(11 81  ±64  m/s)  while  the  velocity  of  the  scattered  F2 
is  higher  (600±42  m/s).  No  ions  are  observed  to 
desorb. 

Additional  confirmation  of  the  presence  of  scattered 
F  atoms  comes  from  the  F2  exposure  dependence 
of  the  scattered  signal  at  m/e«19  and  38.  The  two 
signals  have  a  very  different  dependence  on  Fj 
exposure.  While  both  signals  become  constant  at 
high  exposure,  the  m/e=19  signal  rises  significantly 
more  rapidly  at  very  low  exposure  than  the  m/e=38 
signal.  It  is  clear  that  the  F^  signal  at  low  exp»osure 
arises  from  a  source  different  from  the  cracking  of 
F2  in  the  ionizer.  We  assign  it  to  F  atoms  scattered 
from  the  surface.  The  F  atom  signal  is  a  maximum 
at  a  low  but  non-zero  exposure  and  then  decays  to 
zero  with  increasing  exposure. 

To  probe  the  site  of  F  adsorption,  we  have  meas¬ 
ured  He  diffraction  spectra  from  the  clean  and 
F-covered  Si(  100)2x1  surface.  They  are  recorded 
by  directing  a  supersonic  He  atom  beam  (E=11 
meV,  AE=4  meV),  incident  on  the  250  K  surface  at 
a  20°  angle  from  the  surface  normal,  and  then 
detecting  the  scattered  He  in  0.5°  increments.  The 
He  beam  is  modulated  at  150  Hz  for  the  purpose  of 
background  subtraction.  The  key  result  is  that  the 
half  order  diffraction  beam  which  is  the  signature  for 
the  presence  of  the  Si-Si  dimers,  is  clearly  present 
in  the  spectrum  from  the  fluorinated  surface,  indi¬ 
cating  that  the  adsorption  of  F  does  not  break  the 
dimer  bond.  Moreover,  the  diffraction  intensities 
from  the  fluorinated  surface  remain  unchanged 
upon  further  F2  exposure,  indicating  that  the  surface 
is  saturated  and  that  the  F  is  adsorbed  as  an 
ordered  overlayer  with  a  (2x1)  unit  cell.  In  addition, 
we  have  determined,  as  discussed  below,  that  the 
coverage  of  this  (2x1)  overlayer  is  1  ML,  which  is 
equivalent  to  one  F  for  every  Si  dangling  bond. 
These  observations  convincingly  demonstrate  that 
the  reaction  of  F2  with  Si(IOO)  is  occurring  at  the 
dangling  bond  sites  of  the  surface  dimers,  and  that 
no  Si-Si  lattice  bonds  are  broken.  This  structural 


determination  does  not  suffer  from  the  amt^uity  in 
LEED  generated  by  efficient  electron  stimulated 
desorption  of  F  and  is  consistent  with  other  results 
that  identify  SiF  as  the  dominant  species. 

These  results  signal  the  obsen/ation  of  a  new 
mechanism  for  dissociative  chemisorption  and  we 
designate  it  F  atom  abstraction.  As  F2  is  incident 
on  this  surface,  a  Si  dangling  bond  abstracts  one  of 
the  F  atoms  while  the  other  F  atom  is  scattered 
away.  The  cleavage  of  the  F2  bond  by  the  forma¬ 
tion  of  a  single  F-Si  bond  is  thermodynamically  fea¬ 
sible  because  the  energy  released  upon  adsorption 
on  a  single  Si  dangling  bond,  which  does  not 
require  cleavage  of  a  Si  lattice  bond,  is  5-6  eV 
compared  to  1 .5  eV  for  the  Fg  bond  energy.  Some 
of  the  exothermicity  of  this  bond  formation  is  con¬ 
verted  into  translational  energy  of  the  scattered  F, 
as  evident  from  the  large  velocity  of  the  scattered  F 
compared  to  the  incident  F2  and  the  independence 
of  the  velocity  on  surface  temperature.  Abstraction 
has  been  observed  in  a  simulation  of  this  system. 

While  the  F  atom  that  is  not  abstracted  can  scatter 
back  into  the  gas  phase,  it  does  not  necessarily  do 
so.  It  may  be  caught  on  its  outgoing  trajectory  by 
an  adjacent  dangling  bond  and  adsorb  there.  It  is 
also  possible  for  both  atoms  to  be  simultaneously 
abstracted  each  by  two  adjacent  dangling  bonds  if 
the  F2  molecular  axis  is  favorably  aligned  upon  its 
initial  collision.  We  can  demonstrate  that 
adsorption  of  both  atoms  also  occurs  by  measuring 
the  difference  between  the  total  F2  adsorption  prob¬ 
ability,  Pt,  and  the  probability  for  single  atom 
adsorption,  Pi.  Pi  is  determined  from  1-Pu,  where 
Pu,  the  probability  for  unmacted  F2  to  be  scattered 
from  the  surface,  is  the  of  the  angle  integrated 
F2  flux  to  the  incident  Fs  Pi  is  the  ratio  of  the 
angle  integrated  F  flux  to  the  incident  F2  flux.  The 
difference  Pt-Pi  is  the  probability  for  adsorption  of 
both  F  atoms,  P2,  and  is  plotted,  along  with  Pi  and 
Pt,  versus  coverage.  The  coverage  is  determined 
by  integrating  P2+O.5P1  over  F2  exposure.  In  the 
zero  coverage  limit,  P2  contributes  0.83  and  Pi  con¬ 
tributes  0.12  to  the  total  Pt  of  0.95,  in  reasonable 
agreement  with  a  simulation  and  with  a  previous 
experimental  result  for  Pt.  The  adsorption  proba¬ 
bility  is  observed  to  decay  to  zero  when  the  dan¬ 
gling  bonds  are  saturated  at  1  ML  fluorine 
coverage. 

The  maximum  in  Pi  at  a  non-zero  coverage  is  also 
consistent  with  the  presence  of  a  reaction  channel 
in  which  both  F  atoms  are  adsorbed.  Pi  is  small  in 
the  limit  of  zero  coverage  because  the  dangling 
bonds  adjacent  to  the  abstraction  site  of  the  first  F 
atom  are  likely  unoccupied  and,  therefore,  have  a 
high  probability  of  trapping  the  second  F.  As  the 
coverage  increases,  the  probability  of  having  unoc¬ 
cupied  adjacent  sites  decreases,  thereby  leading  to 
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a  higher  probability  that  the  second  F  does  not 
adsorb  and  scatters  back  to  the  gas  phase.  As  the 
coverage  increases  beyond  0.6  ML,  the  effect  of 
the  diminishing  number  of  sites  for  abstraction  of 
the  initial  F  dominates,  leading  to  an  overall  decay 
of  Pt.  In  short,  the  maximum  in  Pi  arises  from  the 
competition  between  the  number  of  abstraction 
sites  available  to  the  incident  F2,  which  decreases 
with  coverage,  and  the  number  of  occupied  sites 
(which  cannot  trap  the  second  F)  adjacent  to  the 
abstraction  site,  which  increases  with  coverage.  A 
simple  analytical  model  which  incorporates  these 
physical  features  well  and  describes  these  data  is 
presented  in  the  next  section.  Note  that  Pi  is  a 
lower  limit  to  the  abstraction  probability  because  its 
value  is  based  only  on  those  complementary  atoms 
which  successfully  scatter  back  to  the  gas  phase. 

In  summary,  we  have  identified  and  characterized  a 
new  mechanism  for  dissociative  chemisorption, 
atom  abstraction.  This  mechanism  is  a  conse¬ 
quence  of  the  high  exothermicity  of  the  reaction 
between  F2  and  Si  and  should  be  obsenrable  in 
other  highly  exothermic  molecule-surface  inter¬ 
actions.  This  mechanism  may  also  be  an  additional 
source  of  radicals  that  have  been  previously  unac¬ 
counted  for  in  models  for  plasma  etching. 
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The  probability  for  atom  abstraction,  P,,  exhibits  a 
very  non-langmuir  dependence  on  fluorine  cov¬ 
erage.  Specifically,  our  abstraction  probability  first 
increases,  goes  through  a  maximum  and  then 
decreases  to  zero  at  a  coverage  of  one  monolayer 
of  fluorine  while  a  langmuir  dependence  of  an 
adsorption  probability  decreases  strictly  linearly  with 
coverage.  We  have  developed  a  simple  analytical 
model  based  on  lattice  gas  kinetics  to  understand 
this  peculiar  dependence  on  coverage.  Consider  a 
F2  molecule  approaching  the  surface  with  its  molec¬ 
ular  axis  roughly  parallel  to  the  surface.  The  proba¬ 
bility  of  the  first  fluorine  atom  being  abstracted 
depends  linearly  on  the  coverage,  a  (1-0) 
dependence,  where  6  is  the  fractional  coverage. 
Once  the  first  F  atom  is  abstracted,  the  second  F 
atom  is  propelled  away  by  the  exothermicity  of  the 
reaction.  However,  because  of  the  horizontal  orien¬ 
tation  of  the  incident  F2  molecule,  the  second  F 
atom  is  propelled  along  the  surface.  The  probability 
of  it  showing  up  in  the  gas  phase  where  it  contrib¬ 
utes  to  our  measurement  of  Pi  is  proportionai  to  the 
occupancy  of  the  adjacent  sites  which  has  a  6 
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dependence.  That  is,  the  fluorine  atom  is  pro¬ 
pelled  in  the  direction  of  a  unfilled  dangling  bond,  It 
will  adsorb  and  will  not  scatter  into  the  gas  phaM. 
But,  if  it  is  propelled  in  the  direction  of  a  filled  dan¬ 
gling  bond,  it  cannot  adsorb  and  will  scatter  into  the 
gas  phase.  Therefore,  the  (1  -  6)  dependence 
must  be  multiplied  by  a  0  dependence  resulting  in 
a  quantity  proportional  to  Pi  that  is  zero  at  zero 
coverage  and  that  has  a  maximum  at  d  >  0.5. 
Therefore,  it  is  clear  that  the  maximum  in  the 
abstraction  probability  occurs  as  a  result  of  the 
competition  between  the  number  of  unfilled  sites  for 
abstraction  of  the  first  F  atom  which  decreases  with 
coverage  and  the  number  of  filled  sites  to  scatter 
the  second  F  atom  into  the  gas  phase  which 
increases  with  coverage. 

However,  there  is  an  additional  contribution  to  the 
abstraction  mechanism  which  shifts  the  coverage  at 
which  the  maximum  occurs  to  lower  values  and 
which  results  in  a  non-zero  coverage  at  zero 
fluorine  coverage.  This  additional  contribution 
arisei  irom  those  Fj  molecules  that  are  incident  on 
the  silicon  surface  with  their  molecular  axes  perpen¬ 
dicular  to  the  surface.  In  this  case,  the  probability 
for  abstraction  of  the  first  F  atom  again  has  a 
(1  -  d)  dependence,  but  because  of  the  vertical  ori¬ 
entation  of  the  incident  F2,  the  second  F  atom  is 
propelled  away  from  the  surface.  The  probability  of 
its  appearance  in  the  gas  phase  is  independent  of 
the  occupancy  of  the  adjacent  sites.  Therefore,  this 
(1  -  d)  dependence  for  the  vertically  oriented  mole¬ 
cules  must  be  added  to  the  ^(1  -  6)  dependence 
for  the  horizontally  oriented  molecuies.  The 
resulting  prediction  for  the  abstraction  probability  Pi 
versus  coverage  agrees  reasonably  well  with  the 
data.  The  good  agreement  with  this  lattice  gas 
model  indicates  that  the  mechanism  for  dissociative 
chemisorption  indeed  proceeds  ar  a  two  step 
process  involving  first  an  abstraction  step  followed 
by  the  adsorption  of  the  second  F  atom  if  it  is  pro¬ 
pelled  across  the  surface  in  the  direction  of  an 
empty  dangling  bond.  If  it  is  propelled  in  the  direc¬ 
tion  of  a  filled  site,  it  scatters  into  the  gas  phase 
away  from  the  surface.  Whether  the  second  F 
atom  is  propelled  across  the  surface  or  away  from 
the  surface  depends  on  its  incident  orientation. 

We  have  also  carried  out  a  Monte  Carlo  simulation 
of  the  abstraction  probability  versus  coverage.  The 
results  of  this  simuiation  show  that  steric  hindrance 
between  the  incident  F2  and  the  filled  dangling  bond 
sites  at  intermediate  coverages  plays  a  large  role  in 
the  rapid  drop  of  the  adsorption  probability  of  F2 
with  coverage.  That  is,  even  though  the  first 
abstraction  step  r^uires  only  a  single  empty  dan¬ 
gling  bond  site,  it  is  difficult  for  an  incident  F2  mole¬ 
cule  to  access  this  site  if  it  is  surrounded  by  sites 
on  which  F  atoms  are  already  adsorbed. 
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We  have  recently  demonstrated  by  Monte  Carlo 
simulation,  that  our  newly  discovered  mechanism, 
atom  abstraction,  provides  a  suitable  physical 
explanation  for  non-statistical  island  growth.  Specif¬ 
ically,  Brune  et.  al.  employed  scanning  tunneling 
microscopy  to  show  that  the  spatial  distribution  of  O 
atoms  on  Al(t11)  after  adsorption  of  Og  at  low 
exposures  was  essentially  random.  This  is  a  sur¬ 
prising  result  because  within  a  conventional  view  of 
dissociative  chemisorption,  the  adsorbing  atoms  are 
expected  to  reside  on  neighboring  sites.  The 
resulting  spatial  distribution  is  therefore  non-random 
and  is  manifested  in  a  pair  correlation  function  that 
peaks  at  the  first  nearest-neighbor  shell.  They 
explained  these  obsen^ations  by  a  hot  adatom 
model  in  which  the  reaction  exothermicity  is  chan¬ 
nelled  into  adatom  translational  motion  parallel  to 
the  surface  plane.  If  the  transfer  of  energy  into 
translation  is  lar.  3,  the  mean  flight  path  of  adatoms 
on  the  surface  will  likewise  be  large  and  the  pair 
correlation  function  will  be  structureless. 

We  have  shown  however,  that  the  structureless  pair 
correlation  function  at  low  coverage  and  the  non- 
statistical  island  growth  at  high  coverage  are  also 
consistent  with  abstraction  of  one  of  the  O  atoms 
from  the  incident  02  molecule  while  the  unab¬ 
stracted  atom  is  either  propelled  into  the  gas  phase 
or  propelled  along  the  surface.  The  trajectory  of 
this  latter  atom  may  be  halted  If  it  collides  with  an 
island  next  to  which  there  is  an  empty  site  but  if 
not,  it  will  scatter  into  the  gas  phase.  As  we  have 
pointed  out,  the  abstraction  of  an  O  atom  from  O2 
by  Al  is  thermodynamically  feasible  as  it  is  in  the 
interaction  of  F2  with  Si(100).  Our  analysis  demon¬ 
strates  the  generality  of  the  atom  abstraction  mech¬ 
anism  and  the  importance  of  this  mechanism  to  thin 
film  growth. 
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3.4  Etching  of  Si(IOO)  by  Energetic 
Fluorine 

Sponsor 

Joint  Services  Eiectronics  Program 
Contract  DAAL03-92-C-0001 

Project  Staff 

Professor  Sylvia  T.  Ceyer,  Dr.  David  P.  Pullman, 
Dr.  Athanassios  A.  Tsekouras,  Dr.  Zhe  Zhang, 
David  B.  Gosalvez,  Julius  J.  Yang 

The  reaction  of  Fj  with  Si(100)  ceases  after  the 
dangiing  bonds  are  saturated  at  one  monolayer  of 
coverage.  This  lack  of  additional  reactivity  pre¬ 
cludes  the  build  up  of  a  sufficient  layer  of  fluorine  to 
produce  the  volatile  etch  product  SiF4,  and  there¬ 
fore  the  use  of  Fz  as  an  etchant  of  Si.  However, 
we  have  shown  that  if  the  kinetic  energy  of  the  inci¬ 
dent  Fz  molecuie  is  increased  above  a  threshold 
value  of  4-5  kcal  mol-’  (0.2  eV),  the  dissociation 
probability  of  Fz  on  a  fluorinated  surface  increases 
linearly  with  the  normal  component  of  the  kinetic 
energy.  This  additional  reactivity  at  higher  transla¬ 
tional  energies,  which  results  in  fiuorine  coverages 
greater  than  one  monoiayer,  is  the  resuit  of  sur¬ 


mounting  barrier  to  dissociation  on  the  fluorinated 
surface.  During  this  funding  period  we  coupled  our 
measurements  of  the  reactivity  of  Fz  as  a  function 
of  energy  with  a  structural  technique.  He  atom 
diffraction.  The  goal  was  to  identify  the  sites  for  the 
reaction  of  the  translationally  activated  Fz  with  the 
fluorinated  surface.  Our  measurements  of  the  He 
atom  diffraction  spectra  as  a  function  of  the  incident 
F  kinetic  energy  indicate  that  the  barrier  is  associ¬ 
ated  with  dissociative  chemisorption  on  the  second 
layer  of  Si  atoms  as  weli  as  on  Si  dimer  atoms. 
These  conciusions  are  based  on  the  identical  rate 
of  linear  decay  for  all  diffraction  features  with 
increasing  Fz  normal  energy  above  the  threshold. 
There  is  no  preferential  cleavage  of  the  Si  dimer 
atoms.  These  obsenrations  may  represent  the  first 
experimental  correlation  of  the  barrier  for 
dissociation  with  the  sites  for  dissociation. 

These  results  also  provide  conclusive  evidence  that 
Si  can  be  etched  with  low  energies,  two  orders  of 
magnitude  below  the  energies  used  in  plasmas, 
using  molecular  beam  techniques,  and  without  the 
use  of  plasmas.  The  low  energies  afforded  by 
molecular  beam  techniques  preclude  the  introduc¬ 
tion  of  radiation  damage  or  defects  into  the  Si 
lattice,  which  is  a  typical  consequence  of  plasma 
etching. 
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4.1  Introduction 
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Understanding  the  properties  of  the  surfaces  of 
solids  and  the  interactions  of  atoms  and  molecules 
with  surfaces  has  been  of  extreme  importance  both 
from  a  technological  and  an  academic  point  of  view. 
The  advent  of  ultrahigh  vacuum  technology  has 
made  microscopic  studies  of  well-characterized 
surface  systems  possible.  The  way  atoms  move  to 
reduce  the  energy  of  the  surface,  the  number  of 
layers  of  atoms  involved  in  this  reduction,  the  elec¬ 
tronic  and  vibrational  states  that  result  from  this 
movement,  and  the  final  symmetry  of  the  surface 
layer  are  all  of  utmost  importance  in  arriving  at  a 
fundamental  and  microscopic  understanding  of  the 
nature  of  clean  surfaces,  chemisorption  processes, 
and  the  initial  stages  of  interface  formation. 

The  theoretical  problems  associated  with  these 
systems  are  quite  complex.  However,  we  are  cur¬ 
rently  at  the  forefront  of  solving  the  properties  of 
real  surface  systems.  In  particular,  we  are  contin¬ 
uing  our  efforts  to  develop  new  techniques  for  cal¬ 
culating  the  total  ground-state  energy  of  a  surface 
system  from  Urst  principles,"  so  that  we  can 
provide  accurate  theoretical  predictions  of  surface 
geometries  and  behavior.  Our  efforts  in  this 
program  have  concentrated  in  the  areas  of  surface 
growth,  surface  reconstruction  geometries,  struc¬ 
tural  phase  transitions,  and  chemisorption. 


4.2  Defects  on  Surfaces 

Real  surfaces  typically  contain  a  variety  of 
imperfections  that  can  be  important  in  determining 
their  electronic  and  chemical  behavior.  A  partic- 
ulariy  interesting  system  is  the  vicinal  Si(IOO) 
surface.  The  Si(IOO)  surface  has  been  an  ob|^  of 
intensive  study  for  the  last  three  decades  in  part 
because  it  is  technologically  important  in  semicon¬ 
ductor  industry,  and  in  p^  because  its  recon¬ 
structions  are  simple  enough  to  be  tractable  to 
theoretical  investigations. 

Although  much  is  understood  about  the  electronic 
and  sbuctural  properties  of  Si(IOO),  there  has  been 
relatively  little  work  done  to  study  the  nature  of 
intrinsic  defects  on  this  surface.  Interestingly, 
scanning-tunneling-micioscopy  (STM)  images  of 
this  surface  consistently  show  the  presence  of  a 
large  number  of  what  appear  to  be  missing  dimers 
or  dimer  vacancies  (DV^.  In  fact,  a  typical  STM 
image  of  this  surface  exhibits  three  striking  fea¬ 
tures.  The  first  is  the  very  large  number  of  missing 
dimers  present  on  the  surface.  The  second  is  that 
the  missing  dimer  defects  tend  to  congregate  into 
small  clusters,  and  the  third  is  that  the  clusters 
appear  to  form  distinctive  complexes  that  dominate 
over  others.  These  results  are  summarized  for  a 
typical  image  (which  had  about  22,000  dimer  sites 
in  total)  in  figure  1.  The  data  shown  here  are  from 
a  surface  annealed  at  700°C  and  "flashed”  up  to 
1100°C  for  several  minutes.  The  STM  image, 
however,  is  taken  at  room  temperature  after  the 
sample  has  cooled  down.  The  STM  image  there¬ 
fore  represents  a  quasi-equilibrium  "snap-shof  at 
some  freezing-in  temperature  below  700°C. 

In  order  to  unravel  this  striking  behavior,  we  com¬ 
bined  ab-lnitio  total  energy  calwlations  of  the  ener¬ 
getics  of  over  20  defect  complexes  with  statistical 
mechanical  and  kinetic  arguments  to  construct  a 
meaningful  and  realistic  theory  of  this  system. 
Examples  of  some  of  the  defects  and  defect  com¬ 
plexes  studied  are  shown  in  figures  2-4.  In  figure  5 
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Figure  1.  The  total  number  and  fraction  of  various  DV, 
OV  clusters,  and  OV  duster  complexes  on  the  surface. 
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Figure  2.  Total  energy  and  restoring  force  as  a  surface 
dimer  penetrates  the  bulk  to  attempt  to  form  an  interstitial 
dimer,  (a)  Schematic  diagram  illustrating  three  stages  of 
the  penetration  process.  Open  drcles  represent  the 
surface  atoms  and  shaded  circles,  bulk  atoms,  (b)  The 
force  and  formation  energy  of  the  dimer  as  a  function  of 
penetration  depth.  Note  the  absence  of  a  metastable 
interstitial-dimer  configuration. 

we  summarize  the  results  of  our  total  energy  calcu¬ 
lations  for  some  of  the  most  important  defects  and 
defect  complexes. 

Let  us  now  address  the  problem  of  predicting  the 
distribution  of  DV  clusters  and  complexes  on  the  Si 


(b) 


Figure  3.  Two  stable  configurations  of  the  2-DV  based 
duster  complexes,  (a)  The  stable  configuration  for 
(1-f2)-DV:  the  unrebonded  side  of  the  2-DV  duster  links 
with  a  rebonded  1-DV.  (b)  The  stable  configuration  of  the 
(1-t-2')-1}-DV:  two  rebonded  1-DVs  link  to  ei^er  side  of  the 
2-DV  duster.  The  symbols  are  the  same  as  in  figure  2. 

surface.  The  first  phase  in  the  analysis  of  the 
defect  distribution  is  to  determine  whether  the 
kinetics  of  the  anneal  at  800-1 100X  are  sufficient 
to  estabiish  a  thermal  distribution  among  the 
defects  or  whether  some  trace  remains  of  the  initial 
distribution  form  cleavage.  The  kinetic  pathways 
which  contribute  to  the  distribution  after  the  initial 
anneal  must  have  barriers  sufficiently  low  that  they 
may  be  expected  to  be  traversed  during  the  time 
scale  of  the  anneal.  Taking  the  waiting  time  for  a 
transition  event  to  be  on  the  order  of  1  minute,  the 
attempt  rate  to  be  near  the  Si  optic  phonon  fre¬ 
quency  (the  finai  answer  is  not  sensitive  to  these 
values  as  we  eventually  take  a  logarithm),  and  the 
probability  of  a  successful  traversal  to  be  the 
Boltzmann  factor,  we  conclude  the  maximum  barrier 
height  for  ailowed  paths  in  this  experiment  is  4.0  eV 
at  the  peak  anneal  temperature. 

In  figure  6,  we  show  the  pathways  whose  energy 
barriers  we  find  to  be  near  or  iess  than  the  4.0-eV 
cutoff.  Note  the  defects  we  have  considered  in  this 
work  form  a  connected  Markov  chain  which  is  tied 
to  the  sink  and  the  source  of  DVs  by  diffusion  of 
single  DVs  to  the  step  edges.  Therefore,  the 
annealing  process  will  be  sufficient  to  remove  all 
traces  of  the  DV  distribution  of  DV  clusters  and 
complexes. 

After  the  initial  anneal  is  completed,  the  sample  is 
then  cooled  to  room  temperature  before  being  scru¬ 
tinized  by  the  STM.  Understanding  the  behavior  of 
the  distribution  during  this  process  requires  a  more 
detaiied  look  at  the  transitions  between  the  DV 
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Figure  4.  (a)  The  nearly  degenerate  stable  and  (b) 

metastable  configurations  of  the  (U3-«-1)-DV  cluster  com¬ 
plexes.  The  symbols  are  the  same  as  in  figure  2. 


defects.  Three  broad  groups  make  up  these  transi¬ 
tions.  The  first  group,  indicated  by  the  solid  lines  in 
figure  6.  have  relatively  low  energy  barriers.  These 
transitions  all  involve  processes  whereby  an  iso¬ 
lated  dimer  vacancy  can  migrate  to  an  adjacent 
site.  Using  our  estimates  of  the  three  basic  types 
of  second-layer  rebonds,  we  find  that  ail  the 
transitons  in  this  class  traverse  barriers  of  about  2.5 
eV. 

The  second  class  of  transition,  indicated  by  the 
dashed  lines  in  figure  6,  have  significantly  higher 
barriers  because  they  can  occur  only  by  disturbing 
the  strong  second-layer  rebonding  adjacent  to  the 
moving  dimer.  The  barrier  heights  for  these  transi¬ 
tions  are  more  difficult  to  estimate  quantitatively,  but 
our  bond  counting  puts  them  in  the  range  of  3.5-4.0 
eV.  The  broken  solid  line  in  figure  6  represents  an 
example  of  a  third  class  of  transition  which  we 
believe  to  be  rare  despite  its  energy  barrier  being  in 
the  first  class.  This  is  the  transition  by  which  the 
DV  on  the  far  right  of  the  (1+2+1)-DV  complex 
stretched  in  figure  5  migrates  to  the  left,  leaving 
behind  a  (1+2)-DV  complex.  This  motion  alone 
results  in  a  high-energy  metastable  (1-i-2)-DV 
complex  which  can  decay  into  the  stable  (1-i-2)-DV 
complex  only  by  the  independent  migration  of  both 
second-layer  rebonds  across  the  2-DV  cluster.  This 
particular  transition  therefore  requires  three  inde¬ 
pendent  motions  to  occur  in  concert  (the  initial 
dimer  migration  plus  the  migration  of  the  rebonds), 
and  so  we  suggest  in  our  model  that  the  attempt 
frequency  for  this  transition  may  be  so  much 
reduced  from  the  optic  phonon  frequency  that  this 
pathway  is  not  relevant  in  the  system. 

We  are  now  ready  to  understand  the  system's 
behavior  as  it  cools  from  the  anneal.  As  the 
system  cools,  the  higher-energy  transitions  rapidly 
become  inaccessible  to  the  system,  severing  the 
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Figure  5.  The  formation  energy  (in  eV)  of  DV,  DV  dus¬ 
ters,  and  DV  duster  complexes.  The  second  column  illus¬ 
trates  the  second-layer  rebonding.  The  third  column  is 
the  formation  energy  from  the  ab  initio  calculation,  the 
fourth  column  the  Keating  correction,  and  the  fifth  and 
sixth  columns  are  carected  formation  energy  per  struc¬ 
ture  or  per  dimer,  respectively. 

Markov  chain  into  two  disconnected  parts  by 
removing  the  dashed  pathways  shown  in  figure  6. 
As  a  consequence,  the  system  of  complexes  com¬ 
prising  the  upper  part  of  the  chain  in  the  figure 
loses  thermal  contact  with  the  rest  of  the  system  as 
the  temperature  drops  below  900-1  lOOX  (corre¬ 
sponding  to  3.5-4.0  eV).  Although  low  barrier  tran¬ 
sitions  among  these  complexes  continue  to  occur 
down  to  about  570°C  (the  freeze-in  temperature  for 
the  lower  barrier  transitions  by  the  familiar  kinetic 
argument),  they  cannot  change  the  total  number  of 
these  complexes,  which  will  remain  fixed  as  the 
system  cools.  These  transitions,  however,  will 
affect  the  relative  distribution  among  those  com¬ 
plexes,  which  will  track  the  surface  temperature 
down  to  the  lower  freeze-in  temperature. 

The  lower  part  of  the  chain,  however,  remains  in 
contact  with  the  DV  source  and  the  sink  at  the  step 
edges  through  lower-energy  single  DV  migrations 
and  thus  remains  in  overall  thermal  equilibrium  with 
the  surface  until  the  /ower  freeze-in  temperature. 

In  figure  7  we  confirm  the  predictions  of  our  theory 
with  a  plot  of  our  calculated  defect  energies,  Ei, 
against  -ln(rN/gi).  where  ni  is  the  experimentally 
observed  defect  density.  We  choose  this  scaling  so 
that  Boltzmann  distributed  data  appear  as  straight 
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Figure  6.  lilustration  of  the  Markov  chain  formed  by  the 
principal  DV  defects  and  the  primary  pathways  among 
them.  Dashed  lines  represent  transitions  with  relatively 
large  energy  barriers  (~3.5-4.0  eV)  which  cease  to  be  rel¬ 
evant  around  900-1  lOO^C,  while  solid  lines  represent 
transitions  of  lower  energy  near  2.5  eV,  which  essentially 
shut  off  around  S70”C.  The  transition  with  the  broken 
solid  line  also  has  a  barrier  near  2.5  eV,  but  it  is 
expected  to  be  forbidden  by  a  low  attempt  frequency. 

lines.  Our  model  predicts  all  of  the  salient  features 
of  this  plot.  First,  the  data  from  the  experiment  are 
clearly  clustered  in  two-groupings  corresponding 
exactly  to  the  severed  halves  of  the  Markov  chain. 
Second,  the  lower  group,  containing  the  defects 
which  remain  in  thermal  contact  with  the  steps,  falls 
nicely  along  the  predicted  570X  Boltzmann  dis¬ 
tribution.  The  (1+2)-Dv  complex  appears  to  fall 
somewhat  above  the  rest  of  this  grouping,  probably 
as  a  result  of  the  favorable  elastic  interaction 
between  the  stress  field  of  the  constituent  1-  and 
2-DV  clusters,  which  raises  the  barrier  to  decay  by 
roughly  0.2  eV,  corresponding  to  a  60*’C  increase  in 
the  freeze-in  temperature.  Next,  the  center  of  the 
second  grouping  lies,  as  expected,  within  the 
900-1 100°C  Boltzmann  distributions,  but  the 
grouping  exhibits  a  relative  temperature,  or  slope, 
observably  less  than  900°C  and  more  in  line  with 
that  of  the  tower  freeze-in  temperature  of  570°C. 
This  final  feature  is  the  direct  result  of  the  mainte¬ 
nance  of  local  thermal  equilibrium  among  these 
defects  after  they  have  lost  thermal  contact  with  the 
rest  of  the  system. 


FIgm  7.  Plot  of  the  ab  InHh  formation  energy  of  each 
defect  ve.  the  logarithm  of  the  experimental  defect 
density,  Oi,  nonnatlzed  by  appropriate  degeneracy  factors, 
g.  Data  with  absolute  B^mann  distribution  at  570,  900, 
and  1100**  C  fall  along  the  straight  lines  indicated  in  the 
figure  which  pass  through  the  origin.  A  relative  Boltzmann 
dlstrtt)ution  (see  text  for  definition  and  discussion)  at 
570‘’C  is  sketched  through  the  data  dusterad  at  the  top 
of  the  figure.  Note  that  the  two  groupings  of  data  corre¬ 
spond  exactly  to  the  severed  parts  of  the  Markov  chain  in 
figure  6. 

4.3  Cross-sectionai  Scanning 
Tunneling  Microacopy 

Cross-sectional  Scanning  Tunneling  Microscopy 
(X-STM)  is  a  potentially  powerful  experimental  tool 
for  investigating  interface  structure  in  heteroepitaxial 
growth.  An  unfortunate  problem  with  STM, 
however,  has  been  the  unambiguous  identification 
of  chemicai  species  when  several  types  of  atoms 
are  present  in  a  variety  of  bonding  configurations. 
For  example,  there  are  two  serious  questions  which 
arise  when  considering  an  experiment  using  X-STM 
to  investigate  the  initial  stages  of  growth  in  an 
actuai  heteroepitaxial  system  such  as  GaAs  on  Si. 
First,  it  is  not  obvious  that  the  isolated  Qa  and  As 
atoms  on  the  surface  of  a  Si  substrate  could  be 
uniquely  identified,  either  by  the  contrast  they  pro¬ 
duct  in  an  X-STM  image  (induced  by  charge- 
density  fluctuations)  or  ^  changes  in  the  l-V 
signature  of  the  tunneling  current  in  the  vicinity  of 
such  atoms.  Second,  the  interactions  between  die 
charge-density  fluctuations  from  the  cleaved  surface 
of  the  bulk  and  the  growth  Si-doped  surface  and 
their  impact  on  the  resultant  X-STM  image  are  not 
well-understood.  For  these  two  reasons,  we  have 
chosen  to  take  a  simplified  approach  as  a  first  step 
in  our  investigation  of  the  initial  stages  of 
heteorpitaxy  of  GaAs  on  Si.  We  have  chosen  first 
to  examine,  by  theoretical  methods,  the  chemical 
interactions  taking  place  in  the  vicinity  of  a  plane  of 
impurity  atoms  embedded  in  a  host  crystal,  and  to 
predict  whether  or  not  unambiguous  chemical  iden¬ 
tification  can  be  performed  on  an  isolated  impurity 
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atom  in  such  a  system.  By  choosing  this 
prototypical  "embedded-surface"  approach,  we  can 
eliminate  the  additional  complications  provided  by 
the  growth  surface.  Because  we  are  interested  in 
the  atomic  interactions  between  Ga,  As  and  Si.  for 
this  work  we  have  chosen  to  examine  the  use  of  Si 
atoms  to  dope  a  GaAs  crystal.  Doping  of  semicon¬ 
ducting  materials,  in  which  dopant  atoms  are  inten¬ 
tionally  confined  to  a  single  atomic  plane  in  the  host 
crystal,  has  been  widely  applied  to  the  exploration 
of  quantum  effects  in  two-dimensional  structures 
(where  the  doping  profiles  can  be  narrower  than  the 
de  Broglie  wavelength  of  electrons  in  the  material), 
and  has  also  led  to  important  technological  devel¬ 
opments  such  as  high  mobility  transistors,  non- 
alloyed  contacts,  Schottky-gate  transistors,  and 
doping  superlattice  devices  such  as  spatial  light 
modulators  and  lasers. 

The  results  of  our  calculations  of  the  electronic 
structure  of  the  clean  and  doped  GaAs(110) 
cleaved  surface,  and  associated  theoretical  X-STM 
images  at  varying  bias  voltages,  have  led  to  several 
interesting  predictions,  including;  (1)  Si  does  not 
behave  as  a  conventional  donor  on  the  surface;  (2) 
the  electronic  state  associate  with  Si  lies  deep  in 
the  gap  and  is  very  iocalized  on  the  surface;  (3)  at 
negative  bias  voltages,  the  signature  of  the  Si  atom 
has  enhanced  intensity  at  3rd-nearest  neighbor 
sites;  and  (4)  for  positive  bias,  the  signature  of  SI 
would  be  that  of  a  missing  atom  on  the  surface  (I) 
The  latter  result  is  shown  in  figure  8.  These  predic¬ 
tions  have  recently  been  experimentally  confirmed 
by  Professor  E.  Weber's  group  at  the  University  of 
California  at  Berkeley. 
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5.1  Project  Description 

Sponsor 

Joint  Sen/ices  Electronics  Program 
Contract  DAAL03-92-C-0001 

In  this  program,  our  goal  is  to  obtain  a  detailed, 
experimental  description  of  the  temperature- 
dependent  structure,  phase-behavior,  and  mor¬ 
phology  of  semiconductor,  especially  silicon, 
surfaces.  The  results  obtained  in  this  way  will  be 
essential  to  theoretical  efforts  aimed  at  under¬ 
standing  silicon  surface  energetics.  To  this  end,  we 
employ  high-resolution  x-ray  scattering,  using  an 
uttra-high-vacuum  (UHV)  apparatus  for  surface 
x-ray  diffradion.'  which  was  funded  in-part  by 
JSEP.  The  apparatus  is  located  at  the  National 
Synchrotron  Light  Source  (NSLS)  and  may  be 
employed  either  at  the  MIT-IBM  bending-magnet 
beamline,  X20,  or  at  the  NSLS  X25  wiggler 
beamline,  whi<^  provides  a  five-fold  intensity 
improvement  compared  to  X20.  The  MIT  UHV 
apparatus,  in  combination  with  either  X20  or  X25, 
constitutes  the  world's  premier  facility  for  surface 
x-ray  scattering.  In  1993,  we  continued  to  exploit 
its  unique  capabilities. 

Specifically  we  have  completed  a  comprehensive 
x-ray  scattering  study  of  the  stnicture  of  the  Si(113) 
surface.  Current  crystallographic  techniques  make 
it  possible  to  determine  the  full  three-dimensional 
atomic  structure  of  a  surface,  with  accuracies 
approaching  0.01  A.  Knowledge  of  the  atomic 
structure  is  critical  for  evaluating  calculations  of 
surface  energetics.  It  is  surprising  that  the  Si(113) 


surface  has  received  much  less  attention  up  to  now 
than  the  Si(OOI)  and  (111)  surfaces.  Nevertheless, 
the  Si(113)  surface  is  particularly  interesting  for  a 
number  of  reasons  which  involve  both  possible 
technological  applications  and  the  basic  physics  of 
surfaces. 

First,  although  Si(113)  is  a  relatively  high-index 
surface,  it  has  been  found  to  be  remarkably  stable 
with  a  surface  energy  comparable  to  that  of  the 
(111)  or  (001)  orientation.  Specifically,  recent  mea¬ 
surements  of  the  shape  of  voids,  created  by  He-ion 
implantation  inside  a  Si  crystal,  have  established 
that  the  surface  energy  of  Si(ll3)  is  less  than  1 
percent  higher  than  that  of  the  Si(OOI)  surface.^ 
Understanding  the  geometric  and  electronic  struc¬ 
ture  of  such  a  low  energy  silicon  surface  is  an 
important  challenge  in  surface  physics.  Reports  of 
superior  epitaxial  growth  on  Si(113)3  make  the 
structure  of  this  surface  and  its  temperature 
dependence  especially  worthy  of  study. 

The  rationale  that  Si(113)  may  be  particularly  suit¬ 
able  as  substrate  for  epitaxial  growth  of  lll-V  semi¬ 
conductor  films  follows;  An  unreconstructed  (113) 
surface  may  be  envisaged  as  a  sequence  (001)  ter¬ 
races  separated  by  (111)  steps.  For  Si(113),  the 
terraces  are  a  single  atomic  row  wide.  The  corre¬ 
sponding  surface  unit  cell  contains  two  different 
types  of  surface  atoms:  (a)  two-fold  coordinated 
atoms  with  two  dangling  bonds,  deriving  from  the 
(001)  terrace,  and  (b)  three-fold  coordinated  atoms 
with  a  single  dangling  bond,  from  the  (111)  step 
(see  figure  la).  Thus,  there  are  two  different 
adsorption  sites.  It  seems  likely  that  one  of  the 
sites  will  be  preferred  by  one  of  the  epitaxial 


1  D.L.  Abernathy,  An  X-ray  Scattering  Study  of  the  Sl(113)  Surface:  Structure  and  Phase  Behavior,  Ph.D.  diss.,  Dept  of  Phys.,  MIT, 
1993. 

2  DJ.  Eaglesham  et  al.,  'Equilbrium  Shape  of  Si,*  Phys.  Rev.  Lett  70: 1643  (1993). 

3  G.H.  Olsen,  T.J.  Zamerowski,  and  F.Z.  Hawrylo,  ’Vapor  Growth  Of  InGaAs  and  InP  on  (100),  (110),  (111),  (311),  and  (511)  InP 
Substrates,'  J.  Cryst.  Growth  59:  654  (1982);  S.L.  Wrt^,  M.  Inada,  and  H.  Kroemer,  *Polar-on4ionpolar  Epit»y:  Sublattice  Ordering 
in  the  kkjcieatlon  and  Growth  of  GaP  on  the  Si(113)  Surface,*  J.  Vac.  Sd.  Technof.  21: 534  (1982). 
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Figure  1.  (a)  Top  view  of  unreconstructed  Si(113) 

surface.  The  centered,  unreconstructed  unit  cell  is  out¬ 
lined.  Silicon  atoms  in  the  surface  layer  are  shown  as 
solid  circles.  Atoms  in  lower  layers  are  shown  as  open 
circles.  Solid  lines  represent  bonds  between  neighboring 
atoms  while  dangling  bonds  are  shown  as  triangles,  (b) 
Top  view  of  Si{113)  (3x1)  reconstruction.  The  large  box 
outlines  the  centered,  reconstructed  unit  cell. 

species,  thus  keying  the  growth  film  to  the  substrate 
in  a  definite  manner.  This  feature  may  alleviate  the 
problem  of  twinning  that  occurs  in  the  growth  of 
lll-V  semiconductors  on  flat  Si(001),*  which  pres¬ 
ently  makes  necessary  the  use  of  stepped  Si(001) 
substrates  for  epitaxial  growth.  In  addition,  the  (1 13) 
surface  is  non-polar,  which  avoids  the  possibility  of 
strong  disorder  in  the  growth  process  as  a  result  of 
electric  fields.  In  fact,  the  clean  Si(113)  surface 
reconstructs  to  form  a  (3x1)  structure.  Our 
crystallographic  measurements  to  determine  the 


atomic  positions  at  the  Si(113)  surface  are 
described  in  section  2.‘  Our  efforts  in  this  regard 
are  coordinated  with  those  of  Professor  J.D. 
Joannopoulos,  who  is  presentiy  carrying  out  a  total 
energy  calculation  of  the  Si(113)  (3x1)  structure. 

in  addition,  we  have  initiated  a  study  of  the 
orientational  phase  diagram  of  stepped  Si(113)  sur- 
fa(»s  between  300  ^  1200  K.  Stepped  (or 
vicinal)  Si(113)  surfaces  afford  the  opportunity  to 
deepen  our  general  understanding  of  the  mor¬ 
phology  of  crystal  surfaces.  As  described  in  detail 
in  section  3,  we  have  found  that  stepped  Si(113) 
surfaces  undergo  a  so-called  facetting  transforma¬ 
tion.  Facetting  is  accomplished  through  the  rear¬ 
rangement  of  surface  steps,  so  that  there  are 
regions  of  the  surface  with  a  high  step  density, 
together  with  step-free  Si(1l3)  facets  of 
macroscopic  extent.  We  believe  that  the  theoretical 
studies  of  the  possible  facetting  of  stepped  Si(OOI) 
surfaces  carried  out  by  Professors  A.N.  Berker  and 
J.D.  Joannopoulos  may  lead  to  a  detailed  under¬ 
standing  of  Si(113)  facetting.  Evidently,  surface 
morphology  is  key  to  a  number  of  technologically 
important  processes,  including  epitaxial  growth, 
etching,  electromigration,  and  corrosion.  An  essen¬ 
tial  prerequisite  for  controlling  these  processes  is  an 
understanding  of  the  equilibrium  morphology  of  the 
surface.  For  example,  our  results  demonstrate  that 
large,  step-free  Si(113)  surfaces  may  be  prepared 
by  high-temperature  annealing.  One  may  hope  that 
the  use  of  such  surfaces  as  substrates  for  epitaxial 
growth  might  lead  to  interfaces  of  unprecedented 
perfection,  which  in  turn  may  possess  particularly 
favorable  electronic  transport  properties. 


5.2  The  Structure  of  the  (3x1) 
Reconstruction  of  the  Si(113)  Surface 

X-ray  diffraction  measurements  to  determine  the  full 
three-dimensional  atomic  staiclure  of  the  Si(113) 
surface  at  800  K  were  performed  at  X20  using  our 
UHV  apparatus.*  Our  initial  measurements  were 
carried  out  in  a  glancing  incidence  geometry  (in¬ 
plane  measurements),  so  that  the  information 
gained  concerned  the  atomic  positions  projected 
onto  the  surface  plane.  Relative  structure  factors  at 
130  surface  Bragg  reflections  were  collected,  from 
which  was  derived  the  pair  correlation  function  for 
atoms  within  the  surface  unit  cell.  The  pair  corre- 


*  K.  Mizugachi  et  at.,  'MCX:VD  GaAs  Growth  on  Ge(OOI)  and  SI(OOI)  Substrates,'  J.  Cryst.  Growth  77: 509  (1986). 
s  O.L.  Abernathy,  S.  Song,  K.l.  Blum,  and  S.G.J.  Mochrie,  Phys.  Rev.  B,  forthcoming. 

6  D.L.  Abernathy,  An  X-ray  Scattering  Study  of  the  Si(113)  Surtax:  Structure  and  Phase  Behavior,  Ph.O.  diss..  Dept,  of  Phys.,  MIT, 
1993;  D.L.  Abernathy,  S.  Song,  K.l.  Blum,  and  S.G.J.  Mochrie,  Phys.  Rev.  B,  forthcoming. 
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lation  function  exhibits  peidte  corresponding  to  inter¬ 
atomic  vectors,  and  therefore  may  be  used  to 
fdrmuiate  structurai  modeis  of  the  surface.  Thus, 
our  data  indicate  that  the  atomic  stnicture  is  as 
shown  in  figure  1(b):  the  (3x1)  structure  is  formed 
from  the  unreconstructed  surface  by  removing 
every  third  (OOI)-iike  atom  in  the  (1  -1  0)-direction, 
dimerizing  the  remaining  two  (OOI)-like  atoms,  and 
finaiiy  rebonding  the  (lll)-like  atom,  neighboring 
the  vacancy,  to  the  layer  below.  Sub^uent  mea¬ 
surements  at  a  lar^  angle  of  incidence  were 
carried  out  to  be  able  to  locate  the  atoms  in  the 
direction  perpendicular  to  the  surface.  In  total, 
approximately  600  intensities  were  collected,  which 
reduce  to  310  symmetry-inequivalent  structure 
factors.  Then,  a  full  three-dimensional  model  of  the 
reconstruction  was  least-mean-squares  fit  to  the 
combined  set  of  measured  structure  factors  in  order 
to  refine  the  atomic  positions.  A  comparison 
between  the  measured  (open  circles)  and  model 
(solid  circles)  in-plane  structure  factors  is  shown  in 
figure  2,  demonstrating  excellent  agreement.  This 
work  consitutes  the  first  definitive  determination  of 
the  (3x1)  structure  of  the  Si(113)  surface. 


5.3  Morphology  of  Stepped  Si(1 13) 
Surfaces 

Equilibrium  facetting  is  a  remarkable  phenomenon 
in  which  a  crystal  surface  increases  its  area  to 
decrease  its  free  energy.  Facetting  is  accom¬ 
plished  through  the  rearrangement  of  surface  steps, 
so  that  their  distribution  aaoss  the  surface  is  no 
longer  uniform.  Instead,  there  are  macroscopic 
regions  of  high  and  low  step  density.  Our  present 
understanding  of  equilibrium  facetting  is  based 
upon  a  description  of  the  surface  free  energy  in 
which  the  surface  orientation  is  a  key  thermo¬ 
dynamic  variable  in  addition  to  the  temperature,  in 
this  context,  facetting  is  an  example  of  thermo¬ 
dynamic  coexistence  among  different  phases  with 
different  orientations.  Moreover,  such  a  description 
motivates  the  construction  of  orientational  phase 
diagrams,  within  which  are  recorded  the  phase 
boundaries  between  different  surface  phases  as  the 
temperature  and  surface  orientation  are  varied. 

Experiments  carried  out  at  X20A  using  our  UHV 
apparatus  reveal  a  complex  phase  diagram  for 
silicon  surfaces  oriented  between  (113)  and  orien¬ 
tations  tilted  roughly  6  degrees  away  from  (113) 
towards  (001),  as  illustrated  in  figure  3.^  In  figure  3, 
solid  lines  indicate  phase  boundaries  and  dashed 
lines  indicate  triple  points.  (The  solid  circles  corre- 


i  S.  Song  and  S.G.J.  Mochrie,  Phys.  Rev.  B,  forthcoming. 
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Figure  2.  Comparison  for  Si(1 13)  of  the  measured  struc¬ 
ture  factors  (open  symbols)  with  calculations  using  the 
full  three-dimensional  model  (solid  symbols). 

spond  to  surface  orientations  found  experimentally 
for  the  sample  used  in  this  study.)  Within  the  range 
of  temperature  and  tilt  angle  investigated,  we  have 
found  three  distinct  orientational  phases.  Below  Ta 
=  1130  K,  phase  separation  into  the  (113)  orien- 
tsriion  and  the  (114)  orientation,  which  lies  5.7 
degrees  away  from  (113)  towards  (001)  occurs  for 
surfaces  with  mean  tilt  angle  lying  between  (113) 
and  (114).  The  scattering  lineshapes  of  the  (113) 
and  (114)  surfaces  indicate  that  both  are  atomicalty 
smooth  facets  in  this  temperature  range.  However, 
at  Ts  there  occurs  a  phase  transformation  at  which 
the  (114)  facet  disappears  and  are  replaced  by  a 
surface  with  a  tilt  angle  of  6.5  degrees.  Our  mea¬ 
surements  indicate  that  for  this  phase  the  scattering 
iineshape  becomes  increasingly  broad  with 
increasing  scattering  angle,  which  is  the  behavior 
expected  for  a  rough  surface.  Therefore,  we 
believe  that  the  6.5  degree-tilted  surface  corre¬ 
sponds  to  a  rough  phase.  All  three  phases,  namely 
the  (113)  facet,  the  (114)  facet,  and  the  rough 
phase,  may  coexist  at  Ts,  which  thus  is  a  trifle 
point  temperature.  Above  Ts,  there  is  coexistence 
between  the  (113)  facet  and  the  rough  phase.  For 
temperatures  increasing  above  Ts,  the  tilt  angle  of 
the  rough  surface  decreases  with  increasing  tem¬ 
perature  while  the  intensity  of  the  scattering  from 
^e  (113)  facet  decreases.  Eventually,  at  1200  K, 
the  tilt  angle  of  the  rough  surface  reaches  the  value 
determined  by  the  macroscopic  cut  of  the  sample, 
which  for  the  data  shown  in  figure  3  was  3.8 
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Rgure  3.  Orientational  phase  diagram  of  the  Si  surface  near  the  (113)  direction  for  tilt  angles  towards  (001).  Single¬ 
phase  regions  are  hatched,  and  two  phase  regions  are  plain  (unhatched).  Solid  lines  are  boundaries  between  two 
phases,  and  dashed  lines  represent  triple  points.  Solid  circles  represent  tilt  angles  measured  for  a  sample  with  a  mean 
tilt  angle  (miscut)  of  3.8  degrees. 


degrees,  and  the  (113)  facet  essentially  disappears. 
On  further  increase  in  the  temperature,  the  tilt  angle 
remains  fixed  because  the  surface  lies  in  a  one- 
phase  region  of  the  orientational  phase  diagram 
shown  hatched  in  figure  3.  We  have  extrapolated 
the  boundary  of  the  (113)  facet-rough  phase  two- 
phase  coexistence  region  to  zero  tilt  angle  at  To  = 
1245  K.  The  character  of  the  transformation  from 
(113)  facet  to  rough  phase  at  this  point  is  presently 
undetermined.  Future  experiments  will  study  the 
interesting  possibility  that  it  is  a  critical  point. 
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1.1  Data  Storage  Using  Raman  Induced 
Optical  Spectral  Holebuming 

Sponsor 

U.S.  Air  Force  •  Electronic  Systems  Division 
Contract  F19628-92-K-0013 

Optical  spectral  holebuming  in  cryogenic  materials 
has  generated  much  recent  interest  because  of  its 
potential  for  high  density  optical  storage,  both  in  tfie 
time  and  frequency  domain  and  in  high  speed 
optical  processing.^  In  holebuming  materiate, 
storage  capacity  is  determined  by  the  ratio  of 
optical  inhomogeneous  to  homogeneous  linewidths 
(typically  10*)  at  a  single  position.  Optical  data 
rates  can  be  as  large  as  the  optical  inhomogeneous 
linewktth  (usually  in  excess  of  several  GHz).  In 
addition,  spatial  resolution  is  determined  tty  the 
optical  wavelength,  so  that  the  total  storage  density 
can  be  very  large,  and  entire  holographic  imi^jes 
can  be  processed  at  high  speed.  Although  this  is 
impressive,  there  is  still  room  for  substantial 
improvement. 

We  have  developed  a  novel  technique  for 
enhancing  the  storage  capacity  of  optical  spectral 


holebuming  materials,  using  Raman  coherent  popu¬ 
lation  tra4)ping.  This  technique  is  based  on  two 
properties  of  the  Raman  trarwparent  state,  namely, 
the  equivalence  of  the  Raman  transparent  state  to 
a  ground-state  (spin)  coherence*  and  the  sensitivity 
of  this  transparent  state  to  the  difference  phase  of 
the  optiral  fields.  The  first  property  permits  ttw 
optical  excitation  and  detection  of  ground-state 
(^n)  echoes,  and  the  second  property  allows  time- 
separated  optical  fields  to  interfere  even  after  the 
op^  coherence  has  decayed.  Together,  these 
two  properties  can  be  used  to  increase  the  storage 
capacity  of  optical  spectiBi  holebuming  beyond  the 
current  fundamental  limit  given  by  the  ratio  of 
optical  inhomogenecus  to  homogeneous  linewidths. 

Raman  population  trapping,  Illustrated  in  figure  1, 
allows  both  constructive  and  destructive  interfer¬ 
ence  to  occur  between  time-separated  optical  fields, 
even  though  the  optical  coherence  has  long 
decayed.  In  the  presence  of  ground-state  inhomo¬ 
geneous  broadening,  this  permits  time-domain 
optical  storage.  We  have  demonstrated  this  e^ct 
experimentally  using  a  sodium  atomic  beam.* 
Figure  2  shows  storage  and  recall  of  data  using 
Raman  induced  spin  coherence  for  a  variety  of  con¬ 
ditions. 


1  Ronw  Laboratory,  Haiwcom,  MassachuMlIs. 

2  Harvard  Univaraity,  Cambridga,  Maaaachuaatts. 

3  Tufta  Univartity,  Madford,  Maaaachuaalis. 

4  Y.S.  M  and  R.  Kachru,  Opt  Utt  18: 1189  (1993);  M.  Mtouniea,  R.  Yano,  and  N.  Uaaufli,  Opt  Lttt.  16;  1880  (1991);  B.  KoNar,  S. 
BamaL  A.  Ram,  and  U.P.  WNd,  Opt  LM.  18: 2144  (1994). 


3  M.S.  Shahriar  and  P.R.  Hammar,  Phya.  Rav.  Latt  65: 1865  (1990). 

3  P.R.  Hammar,  M.8.  Shahriar,  Z.  Chang,  J.  Kiaralaad,  md  M.K.  Kim,  OptLalLtS:  1865  (1994). 
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Figure  1.  (a)  Schematic  of  the  resonance  Raman  inter¬ 
action.  (b)  The  Raman  interaction  in  the  superposition 
state  basis.  The  |->  state  is  transparent  to  the  resonant 
opticai  fields. 


using  Raman  induced  spin  echo;  (a)  unequal  bits,  (b) 
equal  bits,  (c)  out  of  phase  bits,  and  (d)  Tr/2  phase 
shifted  bits. 

To  show  the  potential  for  increased  storage  density, 
note  that  the  Raman-excited  rf  echo  storage  of 


figure  2  requires  only  low-intensity  Raman-resonant 
optical  pulses.  Thus,  for  an  inhomogeneously 
broadened  opticai  transition,  only  atoms  corre¬ 
sponding  to  a  single  ofMical  spectral  hole  need  par¬ 
ticipate.  This  means  ttiat  many  bits  of  optical  data 
can  be  stored  in  a  single  optical  spectral  hole.  The 
maximum  number  of  bits  per  optical  spectral  hole  is 
ultimately  limited  by  the  ratio  of  the  inhomogeneous 
to  homogeneous  linewidths  of  the  rf  transition. 
Since  the  storage  capacity  of  optical  spectral 
holeburning  is  ceSculated  based  on  only  one  dsda 
bit  per  homogeneous  width  spectral  hole,  it  is  clear 
that  the  ratio  of  optical  inhomogeneous  to  homoge¬ 
neous  linewidths  no  longer  defines  the  storage  limit. 

Raman  population  trapping  can  also  be  used  to 
increase  the  storage  capacity  of  time-domain  optical 
holebuming.  To  see  this,  recall  from  figure  1  that 
the  |-t->  **  |e>  transition  is  optically  excited  and  can 
therefore  be  used  to  perform  time-domain  spectral 
holebuming,  just  as  any  inhomogeneously  broad¬ 
ened  optical  transition.  In  particular,  consider  the 
case  of  long-term  data  storage,  employing  Raman- 
resonant  optical  write  and  read  pulses.  In  this 
case,  long-term  information  storage  is  accomplished 
with  a  modulated  population  difference  between  the 
|->  and  !-«■>  states.  But  this  population  difference  is 
aiso  an  rf  coherence,  which  dephases  in  the  pres¬ 
ence  of  ground-state  inhomogeneous  broadening. 
As  a  result,  the  Raman  resonant  read  pulse  cannot 
produce  opticai  echoes  unless  the  ground-state 
coherence  is  first  rephased,  for  example  by  an  rf 
TT-pulse.  This  suggests  that  it  may  be  possible  to 
selectively  store  and  recall  more  than  one  data  set 
by  using  time-domain  ground-state  spectrai 
holeburning  to  store  and  retrieve  various  |->  and 
|+>  state  population  modulations.  These  population 
modulations  in  turn  correspond  to  the  Fourier  trans¬ 
forms  of  indivkJuai  sets  of  optical  data  pulses. 

Verification  of  multiple  data  set  storage  and  recall, 
using  both  Raman  and  optical  time-domain  spectral 
holebuming  is  accomplished  with  the  pulse 
sequence  of  figure  3.  As  shown,  the  input  consists 
of  two  time-separated  data/write  pulse  sets,  where 
each  set  consists  of  a  pair  of  Raman  resonant 
optical  data  pulses  followed  by  a  Raman  resonant 
write  pulse.  Rephasing  is  accomplished  with  an  rf 
TT-puise,  and  optical  echoes  are  produced  by  two 
Raman  resonant  read  pulses  applied  at  appropriate 
times  after  the  rr-pulse,  as  illustrated.  Note  that  the 
rf  field  excites  all  the  atoms  in  the  material.  If  spa¬ 
tially  localized  re-phasing  is  needed,  the  rf  field  can 
be  replaced  by  intense  off-resonance  Raman  exci¬ 
tation. 
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Figure  3.  Theoretical  demonstration  of  selective  storage 
and  recall  of  two  time-separated  optical  data  sets,  (a) 
Pulse  sequence  used  for  calculation,  (b)  Calculated 
echoes  for  two-frequency  Raman  resonant  optical  pulses, 
showing  selective  recall,  (c)  Echoes  for  single  frequency 
optical  pulses  (conventional  stimulated  optical  echoes), 
showing  crosstalk. 

The  calculated  echo  signals  produced  by  each  of 
the  two  Raman  resonant  read  pulses  is  shown  in 
figure  3b.  As  seen,  Raman-excited  time-domain 
spectral  holeburning  achieves  selective  recall  of 
both  data  sets  even  though  they  are  separated  by 
much  longer  than  the  optical  homogeneous  decay 
time.  Since  the  theoretical  storage  limit  of  optical 
spectral  holeburning  assumes  that  all  data  must  be 
input  before  the  optical  coherence  decays,  figure  3b 
shows  the  potential  for  higher  storage  capacity  in 
the  time-domain.  In  addition,  extension  of  the  write 
window  for  phase-sensitive  data  storage  has  also 


been  shown.  For  comparison,  figure  3c  shows  cal¬ 
culated  echoes  for  the  case  of  conventional  stimu¬ 
lated  optical  echo  storage,  modeled  by  a  three-level 
system,  with  only  one  ground-state  coupled  to  the 
excited-state,  as  Illustrated.  In  this  case,  the 
ground-state  populations  cannot  dephase  so  that 
the  population  modulations  created  by  the  two 
optical  data  sets  are  simply  summed.  Recall  of  this 
data  at  any  time  simultaneously  recalls  the  data 
contained  in  both  optical  data  sets,  le^Kiing  to  the 
crosstalk  evident  in  the  echo  signals.  In  the 
general  case  of  unequal  Rabi  frequencies,  the  exci¬ 
tation  pulse  sequence  of  figure  3a  will  produce 
echo  signals  which  look  like  a  mixture  of  the  two 
limiting  cases  of  figure  3b  and  figure  3c  (i.e.,  cross¬ 
talk  will  appear,  roughly  in  proportion  to  the  Rabi 
frequency  difference). 

In  summary,  we  have  shown  how  Raman  coherent 
population  trapping  can  be  used  to  increase  the 
optical  storage  capacity  of  optical  spectral 
holeburning  materials  beyond  the  limit  imposed  by 
the  ratio  of  optical  inhomogeneous  to  homogeneous 
linewkfths.  This  increased  storage  is  based  on  the 
ability  of  Raman  coherent  population  trapping  to 
allow  interference  even  after  decay  of  the  optical 
coherence. 


1.2  Observation  of  Cooling  Assisted 
Velocity  Selective  Coherent  Population 
Trapping 

Sponsor 

U.S.  Air  Force  -  Electronic  Systems  Division 
Contract  F19628-92-K-0013 

In  recent  years,  there  has  been  a  great  deal  of 
interest  in  velocity  selective  coherent  population 
trapping  (VSCPT).^  However,  since  VSCPT  occurs 
via  a  random  walk  in  momentum  space,  in  order  to 
achieve  significant  VSCPT  in  three  dimensions,  it  is 
necessary  to  precool  and  confine  atoms  close  to 
the  recoil  limit.  We  recently  predicted^  that  this  type 
of  cooling  and  velocity  confinement  assisted 
VSCPT  can  be  achieved  in  one,  two  or  three 
dimensions  when  a  A  system  atom  is  excited  by  a 


f  A.  Aspect,  E.  Arimondo,  R.  Kaiser.  N.  Vansteenkiste,  and  C.  Cohen-Tannoudji,  Phys.  Rev.  Lett.  61: 826  (1988). 

8  P.R.  Hemmer,  M.S.  Shahriar,  M.G.  Prentiss,  D.P.  Katz,  K.  Berggren,  J.  Mervis,  and  N.  Bigelow,  Phys.  Rev.  Lett.  68:  3148  (1992); 
M.S.  Shahriar,  P.R.  Hemmer.  M.G.  Prentiss,  P.  Made,  J.  Mervis,  D.P.  Katz,  N.P.  Bigelow,  arxi  T.  Cai,  Phys.  Rev.  A  48:  R4034 
(1993);  M.S.  Shahriar,  P.R.  Hemmer,  M.G.  Prentiss,  A.  Chu,  D.P.  Katz,  and  N.P.  Bigelow,  'Phase-Dependent  Velocity  Selective 
Coherent  Population  Trapping  in  a  Folded  Three-Level  System  under  Standing  Wave  Excitation,'  Opt.  Commun.  103:  453  (1993);  P. 
Marte,  R.  Taieb,  R.  Dum,  P.  Zoller,  M.S.  Shahriar,  and  M.G.  Prentiss,  Phys.  Rev.  A,  forthcoming. 
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pair  of  blue  detuned  Raman  resonant  standing 
waves,  with  a  phase  difference  of  d  -  rrM. 

We  have  recently  observed  this  effect  in  one 
dimension  using  a  beam  of  metastable  He  atoms.' 


Figure  4  illustrates  schematically  the  experimental 
setup,  where  a  diode  laser  array  pumped  LNA  iMer 
is  used  to  excite  the  2'St  -  2'Pi  transition  at  1.083 
micron. 


He' 

Source 


=0^ 


He'  Beam 


I  SlilL-' 

Skimmer  I  :  I^ser 

Beams 


t  Detector 


Figure  4.  Schematic  diagram  of  experimental  setup. 


Figure  5.  Measured  momentum  distributions  of  laser  cooled  He  atoms  for  (A):  uncooled  atoms,  (B):  s  >  2.  d  -  0,  (C):  s 
-  0.4,  5-0,  and  (D);  s  -  0.4,  5  -  r. 


In  figure  5,  the  cunres  labeled  A  show  the  beam 
profile  when  the  laser  is  off.  With  laser  on  reso¬ 
nance  and  9  -  rrM,  we  studied  first  the  efficiency 
of  VSCPT  as  a  function  of  the  saturation  parameter, 


given  by  s  -  r/(1  +  45'),  where  r  is  the  laser  intensity 
in  units  of  the  saturation  intensity,  and  5  is  the 
detuning  in  units  of  natural  linewkfth.  For  s  «  2.0, 
the  result  is  shown  by  cunre  B,  where  VSCPT  is 


B  M.S.  Shahriar,  M.T.  Widmer,  MJ.  Bellanca,  E.  Vredenbregt,  and  HJ.  Matcalf,  'Observation  of  Cooling  AssMad  Velocity  Selective 
Coherent  Population  Trapping,*  1994  1C  Conference,  forthcoming. 
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manifested  by  the  appearance  of  the  two  peaks  at 
±  Ak.  When  s  is  reduced,  the  degree  of  VSCPT  is 
deaeased,  as  expected,  since  the  pumping  rate 
into  the  dark  state  is  proportional  to  the  mean 
excited  state  population,  which  in  turn  is  propor¬ 
tional  to  s.  Curve  C  shows  the  result  for  s  ■  0.4, 
where  the  VSCPT  peaks  are  barely  visible.  We 
then  blue  detune  the  laser  by  one  linewkfth  (6-1) 
and  adjust  the  intensity  to  get  the  same  degree  of 
saturation  (s  ■  0.4).  The  resulting  distribution  is 
shown  in  cunre  D.  As  can  be  seen,  there  is  strong 
precooling,  with  a  width  of  ±  2ftk,  in  agreement  with 
our  previous  prediction.  In  addition,  the  precooling 
enhances  the  degree  of  VSCPT  compared  to  that  in 
curve  C,  even  though  the  saturation  is  the  same. 

Due  to  the  constraints  of  the  present  setup,  our 
interaction  time  is  limited  to  only  about  6  recoil 
times.  While  this  is  long  enough  to  observe  the 
precooling,  it  is  too  short  to  see  the  full  extent  of 
the  enhancement  of  VSCPT  due  to  the  precooling. 
Nonetheless,  our  observation  validates  the  mech¬ 
anism  we  had  predicted  previously,  rendering  cre¬ 
dence  to  its  claim  that  this  scheme  would  enhance 
the  rate  of  VSCPT  in  three  dimensions  by  a  factor 
of  200.  This  mechanism  would  allow  us  to  reach  a 
temperature  a  factor  of  ten  below  the  recoil  limit  in 
about  90  msec. 


1.3  Suppression  of  Absorption  of 
Resonance  Fiuorescence  in  a  Foided 
Three-Levei  Atom 

Sponsor 

U.S.  Air  Force  -  Electronic  Systems  Division 
Contract  F19628-92-K-0013 

In  recent  years,  there  has  been  a  lot  of  interest  in 
using  the  A  system  atom  to  reach  a  very  cold  tem¬ 
perature  via  velocity  selective  coherent  population 
trapping  (VSCPT).’®  However,  since  VSCPT  takes  a 


k>^  time,  the  system  is  bright  initially.  To  deter¬ 
mine  what  kind  of  density  can  be  achieved  in  such 
a  system,  it  is  therefore  necessary  to  look  at  the 
density  limiting  effects  during  the  initial  stage  when 
significant  VSCPT  has  not  yet  taken  place.  The 
most  important  effect  is  due  to  the  heating  caused 
by  absorption  of  the  emission  of  neighboring 
atoms.” 

We  have  recently  found  that  this  absorption  is 
strongly  suppress^  in  the  A  system  under  a  very 
general  set  of  conditions.  Tabosa  et  al.  considered 
various  schemes  that  also  experience  such  sup¬ 
pressions.’^  However,  the  system  we  are  consid¬ 
ering  is  of  great  practical  interest  since  a  trap 
employing  A  system  atoms  may  be  cooled  to  a 
temperature  substantially  below  the  recoil  limit.  In 
addition,  this  result  bodes  well  for  the  density 
achievable  in  a  rectified  force  trap  of  A  atoms.’® 

Figure  6a  shows  how  a  true  A  system  can  be  real¬ 
ized,  and  figure  6b  illustrates  the  parameters  of  a  A 
system.  We  consider,  as  an  example,  the  case 
where  the  common  detuning  6  is  blue,  as  neces¬ 
sary  for  the  scheme  of  cooling  assisted  VSCPT.’* 
The  difference  detuning,  A  is  non-zero,  as  would  be 
the  case  for  the  atoms  that  have  not  yet  undergone 
VSCPT,  and  are  moving  relatively  fast.  Without 
affecting  the  basic  feature  of  the  result,  we  have, 
for  clarity,  also  assumed  that  the  ground  state  split¬ 
ting  matches  A.  Figure  7a  shows  the  resonance 
fluorescence  spectrum  (RFS)  of  the  A  atom, 
including  the  delta  function  peak  at  the  driving  fre¬ 
quency.  Figure  7b  shows  the  corresponding  gain 
spectrum.  As  can  be  seen,  in  contrast  with  a  two- 
level  atom,  the  strongest  absorption  peaks  are  far 
removed  from  the  significant  part  of  RFS.  Figure  8 
shows  the  gain  spectoim  in  greater  detail.  Note  that 
(figure  8c)  there  is  no  absorption  at  the  central  peak 
of  RFS,  and  one  of  the  big  sidebands  of  RFS  sees 
loss  while  the  other  sees  gain.  The  net  result  is 
that  the  heating  due  to  rescattering  force  in  such  a 
system  would  be  far  smaller  than  that  in  a  two-level 
system. 


^0  A.  Aspect,  E.  Arimondo,  R.  Kaiser,  N.  Vansteenkiste,  and  C.  Cohen-Tannoudji,  Phys.  Rev.  Lett.  61:  826  (1988). 

"  D.W.  Sesko,  T.G.  Walker,  and  C.  Wieman,  J.  Opt.  Soc.  Am.  B  8:  946  (1991). 

12  J.W.R.  Tabosa.  G.  Chen,  Z.  Hu.  R.B.  Lee.  and  H.  Kimble.  Phys.  Rev.  Lett.  66;  3245  (1991). 

13  M.S.  Shahriar,  P.R.  Hammer,  M.G.  Prentiss,  A.  Chu,  O.P.  Katz,  arxi  N.P.  Bigelow,  Phase-Dependent  Velocity  Selective  Coherent 
Population  Trapping  in  a  Folded  Three-Level  System  under  Standing  Wave  Ex<^ation,  Qpt.  Commun.  103: 453  (1993). 

1*  M.S.  Shahriar,  P.R.  Hammer,  M.G.  Prentiss,  P.  Marte,  J.  Mervis,  D.P.  Katz,  N.P.  Bigelow,  and  T.  Cai,  Phys.  Rev.  A  48:  R4034 
(1993). 
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[B] 


FIgura  6.  (a)  The  ideal  A  system,  (b)  Parameters  of  the  A  system. 


The  ^in  spectrum  corresponding  to  Figure  7a,  in  arbi¬ 
trary  units. 


two  absorption  peaKs  (b)  the  three  central  peaks  corre¬ 
sponding  to  the  three  biggest  peaks  in  the  fluorescence 
spectrum,  (c)  two  very  small  gain  peaks.  Note  the  dif¬ 
ferent  vertical  scales,  normalized  to  the  height  of  the 
large  absorption  peaks  in  (a). 
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We  find  that  these  results  are  independent  of  the 
sign  of  A.  and  the  relative  values  of  the  various 
parameters.'*  Thus,  this  suppression  of  heating 
applies  to  the  non-zero  (positive  and  negative) 
veiocity  atoms  in  the  initial  stage  of  cooling  assisted 
VSCPT.  Note  also  that  for  the  atoms  that  have 
undergone  VSCPT,  the  gain  spectrum  would  be 
similar  to  figure  7b,  while  the  RFS  spectrum  van¬ 
ishes.  Thus,  these  zero  velocity  atoms  see  very 
small  heating  from  the  scattering  of  the  hotter 
atoms.  Finally,  this  scheme  may  be  easily  general¬ 
ized  to  three  dimensions  using  a  J  -  1**J’  -  1 
transition. 


1.4  Inversionless  Raman  Lasing 

Sponsor 

U.S.  Air  Force  -  Electronic  Systems  Division 
Contract  F19628-92-K-0013 

There  has  been  much  recent  interest  in  the  concept 
of  inversionless  lasing,  primarily  for  application  to 
high  frequency  lasers  where  it  is  difficult  to  achieve 
population  inversion.'*  Conventional  Raman  lasers, 
while  inversionless  In  the  sense  that  no  excited 
state  population  is  required  to  produce  gain,  are  not 
very  useful  for  up-conversion  because  they  still 
require  a  population  inversion  between  initial  and 
final  states. 

Recently,  we  have  studied  an  inversionless  raman 
laser  (IRL)  which  can  not  only  be  used  for  up- 
conversion,  but  has  promising  potential  application 
to  optical  phase  conjugation  and  laser  frequency 
translation.  The  simplest  form  of  IRL  is  illustrated  in 
figure  9.  Here,  the  Raman  laser  Is  pumped  by  the 
field  at  cuc  and  gain  is  experienced  for  properly 
chosen  probes  at  or',  and  cu'b,  where  the  low- 
frequency  pumps  at  (o,  and  cUb  empty  the  final 
state  via  coherent  population  trapping  (CPT).  This 
is  analogous  to  gain  without  inversion  (or  gain  with 
"hidden”  inversion)  in  the  double  A  system,  and  in 
fact  the  calculated  "optimum"  gain  coefficients  are 
of  the  same  order  of  magnitude.  The  difference  is 
that  it  is  possible  to  achieve  the  optimum  gain  coef¬ 
ficient  over  a  much  wider  range  of  atomic  systems. 
For  example,  there  are  no  constraints  on  the  reia- 


lf> 


Figure  9.  Schematic  of  the  five-level  system  exhibiting 
inversionless  Raman  lasing. 

tive  populations  of  states  |e>  and  |f>  in  order  to 
produce  gain. 

Aside  from  up-conversion,  IRL  can  be  used  for 
precise  laser  frequency  translation.'^  This  is  illus¬ 
trated  in  figure  10a.  Here,  Raman  lasing  occurs  at 
co'a,  where  a>'b  acts  as  the  pump  and  cu.  is  a 
single,  low-frequency  optical  pumping  laser  which 
creates  the  necessary  initial  to  final  state  population 
inversion.  Unlike  the  conventional  Raman  laser, 
the  IRL  scheme  of  figure  10a  allows  cw  lasing  to 
occur,  even  if  states  |a>  and  |b>  are  long-lived.  For 
application  to  optical  phase  conjugation,  the  more 
general  four-level  IRL  scheme  of  figure  10b  is 
required.'*  This  is  equivalent  to  the  scheme  in 
figure  4a  except  that  there  are  two  low-frequency 
pumps  so  that  the  necessary  inversion  is  created 
by  CPT,  rather  than  simple  optical  pumping.  This 
apparently  minor  distinction  leads  to  significantly 
larger  probe  gain  coefficients,  especially  for  weak 
probes.  To  see  why  this  is  the  case,  recall  that  in  a 
Raman  laser,  the  gain  can  be  explained  in  terms  of 
the  pump  laser  scattering  off  of  the  ground-state 
coherence.  However,  this  ground-state  coherence 
must  first  be  generated  by  the  pump  and  probe 
beams  via  CPT,  and  hence  in  the  weak  probe  limit. 


M.S.  Shahriar,  P.R.  Hammer,  and  M.G.  Prentiss,  'Suppression  of  Absorption  of  Resonance  Ruorescence  in  a  Folded  Three-Level 
Atom,'  1994  1C  Conference,  forthcoming. 


^6  M.O.  Scuily,  Phys.  Rep.  219: 191  (1992);  O.  Kocharovskaya,  Phys.  Rep.  219: 175  (1992). 

M.  Poeiker  and  P.  Kumar,  Opt.  Lett  17:  399  (1992). 

^8  j.  Donoghue,  M.  Cronin-Golomb,  J.S.  Kane,  and  P.R.  Hammer,  Opt.  Lett.  16: 1313  (1991). 
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of  single  low-frequency  pump  laser,  (b)  More  general 
case  of  two  low-frequency  pump  lasers. 

is  very  small.  In  contrast,  for  the  IRL  scheme  of 
figure  4b  the  ground  state  coherence  is  generated 
in  advance  by  the  low-frequency  pump  fields. 
Thus,  the  pump  at  cu'b  can  scatter  off  a  ground 
state  coherence,  even  when  no  probe  is  present. 
Mathematically,  this  means  that  the  probe  gain 
coefficient  diverges  as  the  probe  strength 
approaches  zero. 

Finally,  the  ability  of  IRL  to  perform  optical  phase 
conjugation  is  a  consequence  of  the  differential 
optical  phase  sensitivity  of  Raman  gain  in  the 
double  A  system.  For  example,  by  choosing  eu« 
and  (o'b  to  be  counterpropagating  plane  waves,  and 
cUb  to  be  the  input  signal  beam,  IRL  generates  gain 
at  cu'a  only  for  a  beam  propagating  in  the  conjugate 
direction. 


1.5  Creating  a  Large  Angle  Coherent 
Atomic  Beamsplitter  without  a  Magnetic 
Field 

Sponsor 

U.S.  Air  Force  -  Electronic  Systems  Division 
Contract  F19628-92-K-0013 

Many  atom  interferometer  applications  would 
benefit  from  large  angle  atomic  beam  splitters  with 
narrow  distributions.  The  interaction  between  a 


magnetic  field  and  two  startding  wave  laser  fields 
can  provide  such  a  beam  splitter.'*  Unfortunately, 
the  required  magnetic  fiekfe  are  undesirable  in 
many  interferometer  applications,  and  few  atomic 
systems  have  a  suitable  transition. 

We  show  that  a  similar  beamsplitter  for  a  three- 
level  atomic  system  can  be  obtained  in  the  absence 
of  a  magnetic  field  as  long  as  the  excitation  fields 
interacting  with  the  two  transitions  are  standing 
waves  with  a  differential  detuning.**  This  effect  can 
be  explained  in  terms  of  atomic  scattering  from 
dressed  state  potentials  which  form  a  blazed 
grating,  or  as  the  result  of  a  synchronized  cycles 
between  Rabi  flopping  and  the  precession  between 
between  excited  states  induced  by  the  field 
detuning.  This  technique  could  be  us^  on  transi¬ 
tions  other  than  J  - 1  ♦*  J'  - 1 . 

Consider  a  three-state  system  in  the  basis  ja>,  jb>, 
|e>.  where  the  fields  interact  with  the  transitions 
ja  -»  |e  and  |b  |e.  For  equal  Rabi  frequencies 
and  a  phase  difference  of  n/2,  the  eigenenergies  of 
the  Hamiltonian  as  functions  of  the  atomic  position 
z  are  shown  in  figure  11.  For  states  which 
approach  the  ground  states  when  the  Rabi  frequen¬ 
cies  tend  to  vanish,  the  potentials  are  given  by 
±  (A/2 -i- 1  sin(kz)l).  where  A  Js  the  difference 
detuning,  and  k  is  the  wave  number.  In  contrast, 
the  state  which  approaches  |e>  has  a  nearly  trian¬ 
gular  potential. 

Figure  12  shows  the  theoretical  momentum  distribu¬ 
tion  for  scattering  of  a  monoenergetic  atomic  beam 
where  all  atoms  are  in  |e>  initially  and  the  inter¬ 
action  time  is  t  -  7.5(27t/A).  The  narrowness  of 
these  peaks  even  at  large  values  of  the  momentum 
splitting  are  the  most  important  feature  of  this  tech¬ 
nique.  The  dashed  line  in  figure  13  shows  the  pre¬ 
dicted  momentum  scattering  for  thermal  atomic 
beam  with  no  common  detuning,  A  -  80  MHz,  and 
|Q|-150  MHz,  and  equal  initial  populations  in  all 
three  atomic  states.  The  vertical  lines  in  figure  13 
show  preliminary  experimental  results  for  an 
effusive  He  beam  using  the  J  - 1  ««  J'  - 1  sub¬ 
system  of  the  2*Si  to  2^Pi  transition  in  He,  excited 
by  a  O’,  polarized  standing  wave  and  a  o*.  polarized 
standing  wave.  In  the  experiment  the  initial  popu¬ 
lations  were  evenly  distributed  among  the  three 
ground  states  and  the  transverse  momentum  dis¬ 
tribution  was  ±  /ik. 


19  T.  Pfau,  C.S.  Adams,  and  J.  Mlynek,  Eurof^ys.  Lett.  21;  439  (1993). 

20  K.  Johnson,  J.D.  Paul,  A.  Chu,  M.S.  Shahriar,  K.  Berggren,  and  M.G.  Prentiss,  Creating  a  Large  Angle  Coherent  Atomic  Beamsplitter 
without  a  Magnetic  Field,  1994  1C  Conference,  forthcoming. 
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Figura  11.  Eigenenergies  as  a  function  of  position  in  the  standing  waves. 


Figure  12.  Theoretical  tpomentum  distribution  for  a  monoenergetic  atomic  beam.  The  interaction  time  is  7.5(2Tr/A)  and 
each  Rabi  frequency  is  J2  A. 
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Nomentuffl  In  units  of  fik 


Figure  13.  Preliminary  experimental  results  for  A  «  80  MHz,  and  each  Rabi  frequency  of  150  MHz. 


1.6  Stimulated  Brillouin  Scattering  Ring 
Laser  Gyroscope 

Sponsor 

Charles  S.  Draper  Laboratory 
Contract  DL-H-441690 

Research  is  in  progress  on  a  new  fiberoptic  ring 
laser  gyroscope  based  on  two  counter-propagating 
stimulated  Brillouin  scattering  (SBS)  lasers  which 
are  generated  in  the  same  fiberoptic  ring 
resonator.2^  The  use  of  SBS  as  the  laser  gain 
medium  is  crucial  to  the  operation  of  this  gyroscope 
because  a  conventional  solid-state  gain  medium 
cannot  support  simultaneous  bidirectional  lasing 
due  to  gain  competition  between  the  counter- 
propagating  lasers.  The  directionality  of  the  SBS 
gain  medium,  however,  prevents  gain  competition 
and  thus  allows  stable,  simultaneous  bidirectional 
lasing. 

In  the  presence  of  an  inertial  rotation  normal  to  the 
plane  of  the  ring  laser's  resonator,  a  difference  fre¬ 


quency  is  automatically  generated  between  the 
counterpropagating  SBS  lasers  which  is  propor¬ 
tional  to  the  applied  rotation  rate,”  as  predicted  by 
the  Sagnac  effect.  The  operation  of  this  solid-state 
gyroscope  is  very  similar  to  that  of  the  bulk-optic 
ring  laser  gyroscope  (RLG)  based  on  the  He-Ne 
gain  medium.  It  should  be  noted  that  gain  competi¬ 
tion  in  a  gaseous  medium  is  avoided  by  using  two 
partially  overlapping,  Doppler  broadened  gain 
media. 

In  contrast  with  either  the  interferometer  or  passive 
resonator  gyroscopes,  both  the  SBS  RLG  and  the 
He-Ne  RLG  do  not  require  any  external  means  to 
measure  the  nonreciprocal  phase  shift  that  is 
induced  by  rotation. 

Figure  14  shows  a  simplified  schematic  diagram  of 
an  SBS  ring  laser  gyroscope.  Light  from  a  1  mW 
He-Ne  laser  at  1.15  /im  is  split  into  two  pump 
beams,  labeled  PI  arid  P2,  frequency  shifted  by 
acousto-optic  modulators,  and  coupled  into  counter- 
propagating  directions  of  the  same  ring  resonator. 
For  maximum  effective  pump  power  inside  the 


21  S.P.  Smith,  F.  Zarinetchi,  and  S.  Ezekiel,  ’Fiberoptic  Ring  Laser  Gyroscope,'  Proceedings  of  the  OPS  '89,  Paris,  France,  1989,  post 
deadline  paper. 

22  F.  Zarinetchi,  S.P.  Smith,  and  S.  Ezekiel,  'Stimulated  Brillouin  Rber-optic  Laser  Gyroscope,'  Opt.  Lett.  16;  229-231  (1991). 
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resonator,  the  pump  lasers  are  held  at  the  centers 
of  their  respective  cavity  resonances  using  servos, 
not  shown  in  the  figure,  and  are  matched  to  an 
eigen-polarization  of  the  cavity  resonance. 


Figure  14.  Simplified  schematic  diagram  for  a  SBS  ring 
laser  gyroscope. 


With  the  pump  lasers  above  the  SBS  lasing 
threshold,  60  in  this  case,  two  SBS  lasers,  B1 
and  B2,  are  simultaneously  generated  in  the  reson¬ 
ator  in  directions  opposite  to  that  of  their  respective 
pump  lasers.  After  leaving  the  cavity,  the  two  SBS 
lasers  are  combined  using  a  directional  coupler  and 
fall  onto  detector  D. 

Figure  1 5a  shows  the  difference  frequency  between 
B1  and  B2  when  a  sinusoidal  rotation  is  applied  to 
the  gyroscope.  As  preuicted  by  the  Sagnac  effect, 
the  frequency  difference  varies  linearly  with  the 
applied  rotation  rate,  hence  is  90  degrees  out-of¬ 
phase  with  the  applied  rotation  angle,  as  shown  in 
figure  15b. 


However,  it  is  important  to  note  that  for  a  range  of 
low  rotation  rates  in  figure  15b  the  difference  fre¬ 
quency  between  the  SBS  lasers  is  zero.  This 
"lock-in”  zone  is  caused  by  the  frequency  lodging  of 
the  counter-propagating  SBS  lasers  through  back- 
scattering  within  the  cavity  and  has  been  exten¬ 
sively  studied  in  the  bulk-optic  RLG  where  it  is 
removed  using  mechanical  dither.^ 

Mechanical  rotation  dither  minimizes  the  amount  of 
time  that  the  gyroscope  spends  in  the  lock-in  zone, 
thus  reducing  the  errors  due  to  lock-in.  Because  of 
its  much  smaller  mass,  mechanically  dithering  the 
fiber  RLG  would  be  much  simpler  than  dithering  the 
bulk-optic  RLG. 

Another  method  for  removing  lock-in  is  by  gener¬ 
ating  the  SBS  lasers  with  a  large  frequency  sepa¬ 
ration  between  them  which  would  prevent  the  lasers 
from  frequency  locking.  The  tunability  and 
directionality  of  the  SBS  gain  medium  allows  the 
generation  of  the  counter-propagating  SBS  lasers  in 
different  longitudinal  modes  of  the  resonator  by 
either  frequency  shifting  one  of  the  pump  lasers,  or 
by  using  two  separate  pump  lasers. 

Figure  16a  shows  the  difference  frequency  between 
two  SBS  lasers  generated  in  different  longitudinal 
modes  of  the  same  ring  resonator,  as  a  function  of 
the  applied  rotation  angle  (figure  16b).  In  this  case, 
the  two  lasers  are  separated  by  9  longitudinal 
modes  and,  as  seen  in  the  figure,  no  lock-in  is 
observed  in  the  beat  frequency. 


Figure  16.  Lock-in  free  difference  frequency  (a)  between 
two  counter-propagating  SBS  lasers  generated  in  dif¬ 
ferent  iongitudinai  modes  of  the  resonator  and  (b)  the 
applied  rotation  angie. 


M  F.  Aronowitz.  The  Laser  Gyro,"  in  Laser  Applications  (New  York:  Academic  Press,  1971),  vol.  1,  pp.  133-200. 
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While  this  mode  of  operation  eliminates  errors  due 
to  locK-in,  there  are  a  number  of  additional  sources 
of  error  unique  to  it.  One  important  additional  error 
source  is  due  to  dispersion  pulling  of  the  SBS  laser 
frequencies  resulting  from  intensity  backscattering 
of  the  pump  lasers. 

Consider  a  single  pump  laser.  PI,  in  the  counter 
clockwise  (19VV^  direction  and  the  resulting  SBS 
gain  curve  and  SBS  laser,  B1,  in  the  clockwise 


(CW)  direction,  as  shown  In  figure  17.  If  there  is 
any  pump  backscattering.  a  small  amount  of  pump 
will  also  be  present  in  the  CW  direction  of  the 
cavity,  labeled  PI'.  Though  this  pump  will  be  below 
the  SBS  lasing  threshold,  it  will  still  generate  a 
small  SBS  gain  cunre,  labeled  B1'.  In  a  single 
direction  SBS  laser,  this  extra  gain  curve  has  no 
effect  since  it  is  in  the  opposite  direction  of  the  SBS 
laser. 


Figure  17.  Generation  of  an  extra  SBS  gain  curve  due  to  pump  backscattering. 


However,  as  shown  in  figure  18,  if  two  counterprop- 
agating  SBS  lasers,  B1  and  B2,  are  generated  in 
the  same  cavity,  this  extra  SBS  gain  curve,  B1', 
due  to  its  dispersion,  will  pull  the  frequency  of  the 
B2  SBS  laser.  Thus,  as  the  intensity  of  PI 
changes,  or  as  the  backscattering  at  the  pump  fre¬ 
quency  changes,  the  size  of  the  dispersion  pull  will 
also  change  and  cause  a  bias  drift  in  the 
gyroscope.  Further,  since  the  intensity  backscat¬ 
tering  in  the  cavity  is  highly  variable,  the  size  of  this 
dispersion  pull  is  also  highly  variable. 


The  effect  of  this  additional  SBS  again  ounce  can 
be  most  easily  demonstrated  and  measured  by 
introducing  a  third  pump  laser  into  the  cavity.  In 
this  way,  the  size  and  frequency  separation  of  this 
third  gain  curve  can  be  easily  controlled.  Figure  19 
shows  the  effect  of  varying  the  intensity  of  the  third 
pump  laser  on  the  beat  frequency  between  the  two 
SBS  lasers.  As  seen  in  the  figure,  the  frequency 
pull  increases  linearly  with  increasing  pump  power, 
as  expected,  and  the  maximum  pulling  was  meas¬ 
ured  to  be  680  Hz/iW  of  input  power.  This  is  in 
good  agreement  with  the  predicted  value  of  700 
Hz/iW  for  this  cavity. 
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Hgure  19.  Dispersion  pull  versus  third  pump  power. 
Note  the  saturation  for  higher  pump  powers  is  a  result  of 
the  generation  of  a  third  SBS  laser. 


laser  tuning. 

In  addition  to  measuring  the  dispersion  pull  versus 
pump  power,  the  dispersion  pull  versus  the  fre¬ 
quency  separation  of  the  third  pump  laser  can  also 
be  measured.  Figure  20  shows  the  change  in  dif¬ 
ference  frequency  between  SBS  lasers  B1  and  B2 
as  the  frequency  of  the  third  pump  laser  is 
changed.  As  seen  in  the  figure,  the  maximum  dis¬ 
persion  pull  occurs  at  approximately  70  MHz,  indi¬ 
cating  that  the  width  of  the  SBS  gain  medium  is 
approximately  140  MHz  at  632  nm. 


To  reduce  the  errors  due  to  dispersion  pulls,  SBS 
laser  frequency  spacings  that  are  comparable  to  the 
half-width  of  the  SBS  gain  curve  should  be  avoided. 
Thus,  either  very  large  frequency  spacings,  or  very 
small  frequency  spacings  should  be  used. 

Backscattering  at  the  SBS  laser  frequencies  also 
can  lead  to  frequency  pulls  on  the  SBS  lasers 
themselves.  In  this  case,  the  frequency  pull  is  the 
result  of  backscatter-induced  changes  in  cavity  loss 
at  the  SBS  frequency  which  cause  a  change  in  the 
self  dispersion  pull  due  to  the  SBS  laser's  gain 
cun/e. 

Normally,  the  Internal  losses  of  the  cavity  at  the 
SBS  frequency  are  considered  to  be  constant. 
However,  variations  in  backscattering  can  lead  to 
significant  variations  In  the  cavity  loss  as  a  function 
of  the  cavity  environment.  This  loss  variation  will 
cause  a  corresponding  change  In  the  SBS  gain, 
since  the  gain  always  equals  the  loss  while  the 
SBS  laser  is  lasing.  Thus,  if  the  cavity  mode  is  not 
exactly  at  the  center  of  the  SBS  gain  curve,  this 
variation  in  the  SBS  gain  will  cause  a  variation  in 
the  dispersion  pull  of  the  SBS  gain  curve.  For 
example,  for  a  cavity  mode  70  MHz  from  the  center 
of  the  SBS  gain  cunre  with  a  100  pW  threshold,  a  1 
percent  variation  in  the  cavity  loss  will  result  in  a 
680  Hz  offset  change. 

This  source  of  drift  can  be  eliminated  by  thermally 
tuning  the  SBS  gain  curve  so  that  the  cavity  reso¬ 
nance  is  at  the  center  of  the  gain  cunre,  since  the 
dispersion  is  zero  there. 

Presently,  though  thermally  and  dispersively  driven 
drifts  appear  to  limit  the  performance  of  the  sepa¬ 
rated  frequency  SBS  fiber  RLG,  there  are  a  number 
of  other  error  sources  which  may  become  important 
as  the  performance  improves.  These  errors  include 
eigenpolarizatlon  mismatch  between  the  SBS  lasers 
which  would  reduce  reciprocity  between  the  SBS 
lasers,  eigenpolarizatlon  mismatch  between  the 
pump  and  the  SBS  laser  which  could  lead  to  polar¬ 
ization  pulling,  frequency  pulls  due  to  frequency 
dependent  backscattering,  and  excess  phase  noise 
due  to  finite  common  mode  suppression  of  cavity 
jitter. 

In  order  to  perform  an  independent  test  of  the  null 
stability,  we  are  going  to  mechanically  dither  the 
SBS  gyro.  Mechanical  dither,  as  in  the  case  of  the 
bulk-optic  ring  laser  gyro,  may  very  well  prove  to  be 
the  best  alternative  for  eliminating  lock-in. 
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2.1  Testing  Quantum  Chaos  with 
Rydberg  Atoms  in  Strong  Fieids 
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Interest  in  the  behavior  of  Rydberg  atoms  in  strong 
fields  has  resulted  in  the  generation  of  high  resolu¬ 
tion  experimental  spectra  and  accurate  calculations 
for  atoms  in  electric  and  magnetic  fields  and  also 
experimental  data  in  the  low  field  regime  for  electric 
and  magnetic  fields.  The  principal  motivation  for 
this  work  has  been  to  understand  atomic  systems 
under  external  perturbations  similar  in  magnitude  to 
the  unperturbed  energy.  Rydberg  atoms  are  central 
to  this  research,  because  field  strengths  available  in 
the  laboratory  are  comparable  with  atomic  fields  of 
highly-excited  states.  We  have  chosen  to  work  with 
hydrogen  because  it  is  the  simplest  system  to 


study.  Alkali  metal  atoms  are  also  of  interest, 
because  they  break  the  zero  field  degeneracy  of 
hydrogen  and  are  much  more  tractable  exper¬ 
imentally. 

The  quantum  mechanics  of  alkali  Rydberg  atoms  in 
strong  electric  fields  is  now  believed  to  be  well 
understood.  Much  has  been  learned  about  diamag¬ 
netic  hydrogen,  but  some  important  regimes  remain 
to  be  explored,  and  our  knowledge  of  hydrogen 
needs  to  be  extended  to  other  alkalis.  For 
example,  we  know  little  about  the  alkali  Rydberg 
atoms  in  parallel  electric  and  magnetic  fields  and 
even  less  about  them  when  the  fields  have  arbitrary 
or  perpendicular  orientation. 

With  the  exception  of  hydrogen  in  an  electric  field, 
the  classical  analogues  of  all  these  systems 
undergo  a  transition  from  order  to  chaos.  In 
seeking  to  understand  the  connection  between 
quantum  mechanics  and  classical  chaos,  the 
problem  of  hydrogen  in  a  magnetic  field  has  been 
extensively  studied.  However,  the  more  general 
problem  of  Rydberg  atoms  in  strong  fiekte  provides 
a  richer  testing  ground  for  theories  describing 
"quantum  chaos." 

We  have  developed  techniques  for  carrying  out 
high  resolution  laser  spectroscopy  on  the  lithium 
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atom  in  strong  static  fields.  In  addition,  we  have 
developed  techniques  (or  computing  the  spectra  of 
alkali  atoms  in  both  strong  electric  and  magnetic 
fields.  The  differences  between  lithium  and 
hydrogen  are  minor  for  many  cases  of  interest.  In 
other  cases,  the  core  potential  itself  is  the  cause  of 
classical  chaos  and  becomes  essential  to  consider. 

In  the  experiment,  a  lithium  atomic  beam,  excited 
by  a  laser,  transfers  atoms  from  the  2S  state  to  the 
3S  state  by  a  two-photon  transition,  and  a  second 
laser  excites  the  atoms  to  Rydberg  states. 

The  Rydberg  atoms  are  detected  by  electric  field 
ionization.  Two  methods  for  relating  quantum 
spectra  to  the  classical  dynamics  system  are  (1) 
periodic  orbit  theory  and  (2)  use  of  statistical  corre¬ 
lations.  In  the  past  year,  we  have  made  progress 
in  testing  both  these  methods  which  characterize 
quantum  chaos. 

Classically  chaotic  systems  possess  a  proliferation 
of  periodic  orbits.  Periodic  orbit  spectroscopy  is  a 
technique  used  to  relate  the  quantum  mechanical 
spectrum  to  the  periodic  orbits  of  the  corresponding 
classical  system. ^ 

The  hamiltonian  of  hydrogen  in  a  magnetic  field  is 
given  by 

+  (1) 

This  hamiltonian  can  be  rescaled  using  the 

relations:  r-  B-*^r,  p  =  and  L  =  B-’^L.  This 
gives  the  scaled  hamiltonian, 

^--S--4r  +  -5-Lz  +  -5-p^  (2) 

where  if-B-^H.  As  a  result,  the  classical 
dynamics  depends  only  on  the  parameter  Cb  > 
B'^E  and  not  on  E  and  B  separately. 

The  semi-classical  Bohr-SommerfekJ  quantization 
condition  for  the  two  non-separable  scaled  coordi¬ 
nates  p,  z  is 


S  -  (2Tr)'  ^  f  (ppdp  *  p^)  -  nB"  (3) 

where  S  is  the  scaled  action  of  a  closed  dassicai 

orbit.  As  a  result,  S-nB-'^’  gives  rise  to 
equidistant  lines  on  a  scale  B-’^  in  a  spectrum 
taken  at  constant  scaled  energy  Cb-  In  other  words, 
each  peak  in  the  Fourier  transform  of  a  constant 
scaled  energy  spectrum  corresponds  to  the  scaled 
action  of  a  periodic  orbit. 

This  has  been  shown  experimentally.’  In  addition. 
Delos  and  his  coileagues  have  developed  the  tech¬ 
niques  of  periodic  orbit  theory  which  use  classical 
dynamics  to  compute  the  actions  of  the  periodic 
orbits  and  semi-dassical  techniques  to  compute  the 
strength  of  the  periodicities.  The  strength  of  the 
periodicities  is  called  the  recurrence  strength, 
because  an  outgoing  spherical  wave  will  recur  at 
times  corresponding  to  the  periods  of  the  periodic 
orbits  of  the  classical  system.  Figure  1  shows  the 
Fourier  transform  of  a  computed  constant  scaled 
energy  spectrum  compared  with  the  results  of  peri¬ 
odic  orbit  theory  (courtesy  of  Dr.  J.A.  Shaw  of  the 
Coliege  of  William  and  Mary).  The  recurrences 
from  periodic  orbit  theory  are  in  good  agreement, 
except  for  peaks  near  scaled  actions  of  4,  8,  12, 
16,  and  20,  which  are  systematically  much  stronger 
in  the  periodic  orbit  theory  results.  These  peaks 
are  due  to  the  5th,  10th,  15th,  20th,  and  25th  return 
of  the  orbit  in  the  z«0  ^ane.  These  orbits  have  a 
bifurcation  very  dose  to  the  scaled  energy  shown 
here  which  makes  their  recurrence  strength  difficult 
to  accurately  compute. 

We  are  planning  periodic  orbit  spectroscopy  both 
experimentally  and  computationally.  Periodic  orbit 
sp^roscopy  requires  varying  the  energy  and  the 
magnetic  field  simultaneously  so  that  scaled  energy 
Cb  remains  constant.  Since  our  computational  tech¬ 
niques  have  been  verified  by  our  experiments,  and 
since  it  is  easier  to  accurately  vary  E  and  B  while 
maintaining  a  constant  Cb  numerically  than  exper¬ 
imentally.  we  have  proceeded  computationally  in 
the  regions  where  the  computations  have  been  veri¬ 
fied.  In  addition,  our  experiment  is  limited  to 
exciting  only  odd-parity  states  of  lithium.  Computa¬ 
tionally,  we  have  been  able  to  explore  both  odd  and 
even  parity  hydrogen  and  lithium.  In  tfiis  way,  we 


2  A.  Nolle,  J.  Main,  G.  Wiebusch,  H.  Rottke,  and  K.H.  Welge,  ‘Quasi-Landau  Spectrum  of  the  Chaotic  Diamagnetic  Hydrogen  Atom,* 
Phys.  Rev.  Lett.  61:  161  (1968);  J.-M.  Mao  and  J.B.  (Mos,  ‘Hamiltonian  Bifurcation  Theory  of  Closed  Orbits  in  the  Diamagnetic 
Kepler  Problem,'  Phys.  Rev.  A  45: 1746  (1992). 
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Rytberg  Atoms,*  Eumph^.  Lett.  21: 9  (1993). 
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Rgura  1.  Recurrence  strength  for  £s  -  -  0.7.  m  -  0,  odd  parity.  The  resuKs  of  periodic  orbit  theory  are  multipiied  by  - 1 
to  tacHitata  comparison.  Each  peak  corresponds  to  a  periodic  orbit 


have  made  several  discoveries  with  implications  for 
periodic  orbit  theory. 

It  was  previously  believed  that  if  an  orbit  lies  on  the 
node  of  the  outgoing  wavefunction,  the  recurrence 
strength  is  zero.*  Since  odd  parity  wavefunctions 
have  a  node  in  the  z«0  plane,  it  was  believed  that 
the  recurrence  strength  of  the  orbits  in  the  z-0 
plane  are  zero.  Our  quantum  computations  show 
that  the  recurrence  strength  is  small  but  non-zero. 
J.A.  Shaw  and  J.B.  Delos  have  derived  a  new 
semkHassical  formula  for  the  recurrence  strength  of 
a  periodic  orbit  at  a  node  of  the  quantum 
wavefunction.^  The  results  are  compared  with  the 
quantum  computation  in  figure  2. 

The  classical  dynamics  of  both  lithium  and 
hydrogen  in  a  magnetic  field  show  a  transition  from 
order  to  chaos  as  the  scaled  energy  is  raised. 


However,  lithium's  core  causes  it  to  become  chaotic 
at  a  much  lower  fe  than  hydrogen.  As  a  result, 
lithium  is  completely  chaotic  at  Sb  -  -  0.6,  a  value  at 
which  hydrogen  is  completely  regular.  This  pre¬ 
sents  a  paradox  for  periodic  orbit  theory,  because  it 
is  known  that  the  sp^ra  of  odd-parity  diamagnetic 
lithium  is  nearly  identical  to  that  of  hydrogen.*  It  has 
also  been  shown^  that  the  energy  level  statistics  for 
odd-parity  lithium  corresponds  to  a  regular  classical 
system.  This  is  expected,  since  the  odd  parity 
wavefunctions  have  a  node  in  the  region  of  the 
chaos-causing  core. 

In  contrast,  the  wavefunctions  of  even-parity  lithium 
do  not  have  a  node  at  the  core.  As  a  result,  the 
spectra  of  even-parity  lithium  have  chaotic  energy- 
level  statistics  and  are  very  different  from  the 
spectra  of  even-parity  hydrogen,  which  has  regular 
energy  level  statistics.  We  arrive  at  a  paradox. 


4  M.L.  Du  and  J.B.  Delos,  ’Eflect  oT  Closed  Classical  Oblls  on  Quantum  Spectra:  Ionization  of  Atoms  in  a  Magnetic  Field:  I  and  II, 
Phys.  Rbv.  a  38: 1896-1912  (1988). 

s  Private  communication  from  Dr.  J.A  Shaw,  CoNege  of  VWIiam  and  Mary,  Willamsburg,  Virginia. 
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Figure  2.  Recurrence  strength  for  -  0.7,  m  -  0,  odd  parity.  The  infonnation  in  figure  1  is  shown  enlarged  100  times. 
The  arrows  point  to  the  orbits  in  the  z  -  0  plane. 


because  classical  dynamics  does  not  "know"  about 
parity.  As  a  result,  periodic  orbit  spectroscopy 
should  yield  the  same  periodic  orbits  for  both  odd 
and  even  parity  hydrogen.  Similarly,  periodic  orbit 
sp^roscopy  in  lithium  should  give  the  same  peri¬ 
odic  orbits,  regardless  of  parity.  In  both  hydrogen 
and  lithium,  the  recurrence  strengths  may  vary 
between  the  odd  and  even  parity  cases,  because 
these  are  computed  by  including  peulty  in  the  semi- 
classical  methods.  However,  since  odd  parity 
hydrogen  and  lithium  have  nea^  identical  spectra, 
we  expect  the  periodic  orbits  of  lithium  and 
hydrogen  to  be  nearly  identical.  This  seems  to  be 
the  case  from  looking  at  the  recurrences  in  figure  3. 

However,  we  do  not  expect  a  completely  chaotic 
system  to  have  the  same  periodic  orbits  as  a 
r^ular  system.  In  addition,  from  a  quantum 
mechanical  point  of  view,  we  have  no  reason  to 
expect  that  the  spectrum  of  even  parity  lithium  will 
exhibit  the  same  periodicities  as  even  parity 
hydrogen.  However,  figure  4  shows  that  many  of 
the  recurrences  are  the  same.  This  is  a  victory  for 
periodic  orbit  theory.  The  case  of  even  parity 
lithium  also  has  many  extra  recurrences,  indicating 
extra  periodic  orbits.  This  is  a  challenge  to  periodic 
orbit  theory,  because  to  resolve  this  paradox,  peri¬ 
odic  orbit  theory  must  find  these  extra  periodic 
orbits  and  compute  their  recurrence  strerigths  in 
even-parity  lithium.  Furthermore,  it  also  needs  to 


be  shown  that  all  these  extra  periodic  orbits  have  a 
very  small  recurrence  strength  in  the  odd  parity 
case. 

In  the  case  of  Rydberg  atoms  in  a  strong  electric 
field,  parity  is  not  a  good  quantum  number. 
Hydrogen  in  an  electric  field  is  regular  and  chaos  is 
caused  com|:^etely  by  the  core.  The  hamiltonian  of 
hydrogen  in  an  electric  field  is  given  by 

+  (4) 

and  this  hamiltonian  can  be  rescaled  by  substituting 
r-F-’«r,  p-F^'V  As  a  result,  the  classical 
dynamics  of  hydrogen  in  an  electric  field  depends 
only  on  the  parameter  Cf  «  F-^^E  and  not  on  E  and 
F  separately.  In  analogy  with  the  magnetic  field 
case,  each  peak  in  the  Fourier  transform  of  a  spec¬ 
trum  taken  at  constant  Cf  corresponds  to  the  scaled 
action  of  a  periodic  orbit.  These  classical  scaling 
rules  are  exact  for  hydrogen  and  good  approxi¬ 
mations  for  lithium. 

In  the  case  of  lithium  in  an  electric  field,  we  have 
done  experiments  for  both  the  cases  m  s  o  and  m 
-  1.  The  m  -  1  case  is  regular  and  nearly  identk^i 
to  hydrogen,  because  the  angular  momentum 
barrier  causes  the  wavefunction  to  have  a  node  at 
the  core. 
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The  maO  case  is  chaotic  for  ali  regions  of  interest. 
The  experimentai  resuit  for  f  f  -  -  0.3  is  compared 
with  quantum  computations  for  lithium  and 
hydrogen  in  figures  5  and  6.  Notice  that  lithium  and 
hydrogen  have  many  recurrences  in  common,  but 
just  as  in  the  case  of  even-parity  diamagnetic 
lithium,  there  are  extra  recurrences  which  n^  to 
be  computed  by  periodic  orbit  theory.  Several  of 
these  extra  peaks  occur  near  a  scaled  action  of  14. 


Spectral  correlations  have  also  been  useful  in  char¬ 
acterizing  spectra  in  regions  of  dassicai  chaos. 
Computing  the  spectra  in  regions  of  total  chaos  has 
enabled  the  testing  of  a  new  class  of  universal  cor¬ 
relations  in  spectra  of  chaotic  systems  as  a  param¬ 
eter  is  changed.  Our  computations  enabled  MIT 
Professor  Boris  Altshuler's  group  to  verify  their  new 
class  of  universal  correlations  on  a  real  physical 
system.*  This  new  class  of  correlations  has  been 
confirmed  in  the  chaotic  regions  of  both  diamag¬ 
netic  hydrogen  and  lithium. 


hydrogen  and  lithium. 
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Chapisr  2.  BmIc  Atomic  Physics 


FIgur*  4.  Recurrence  strength  for  £t--0.6,m-0.  even  parity.  Notice  that  it  shows  that  lithium  has  many  periodic 
orbits  in  common  with  hydrogen,  but  that  there  are  extra  periodic  orbits  present  in  lithium. 


Figure  5.  Recurrence  strength  of  lithium  for  Cr  -  -  3.0,  m  -  0.  The  experiment  is  compared  with  quantum  computations 
for  lithium. 
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Figura  6.  Recurrence  strength  for  £f  -  -  3.0,  m  -  0.  The  experiment  for  lithium  is  compared  with  quantum  computations 
for  hydrogen. 


2.2  Millimeter-Wave  Frequency 
Measurement  of  the  Rydberg  Constant 
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The  Rydberg  constant  R.  relates  the  wavelengths 
of  the  spectrum  of  atomic  hydrogen  to  practical  lab¬ 
oratory  units.  It  is  a  so-called  fundamental  con¬ 
stant,  for  it  relates  numerous  quantum  properties  to 
laboratory  units.  Recent  advances  in  optical  wave¬ 
length  metrology  have  enabled  experiments  using 
laser  sp^roscopy  to  measure  R.  with  accuracy 
approaching  two  parts  in  10''.^ 


Although  R.  Is  the  most  accurately  measured  fun¬ 
damental  constant,  forthcoming  high-precision 
experiments  which  will  depend  on  R.  as  an  auxil¬ 
iary  constant,  demand  even  more  accurate  meas¬ 
urement.  Because  the  practical  limit  of  measuring 
wavelengths,  about  1  part  in  10'°,  has  been 
reached,  progress  in  the  measurement  of  R. 
requires  measuring  the  frequency  of  spectral  lines. 
Because  the  speed  of  light  is  now  defined, 
measuring  cR.,  the  "Rydberg  frequency,"  a  new 
standard  is  created. 

Our  approach  involves  preparing  highly  excited 
"Rydberg"  states  of  atomic  hydrogen,  n  «  29,  and 
measuring  millimeter-wave  transitions  to  nearby 
states.  Because  the  millimeter  wave  signal  is  gen¬ 
erated  coherently  from  a  frequency  staridard  based 
on  an  atomic  dock,  our  measurement  can  make 
use  of  the  high  predsion  of  frequency  metrology. 

The  goals  of  our  experiment  are  three-fold:  First  is 
the  reevaluation  of  R«  itself,  providing  an  inde¬ 
pendent  check,  in  a  different  regime,  of  other  evalu¬ 
ations  based  on  optical  wavelength  metrology. 
Second  is  the  measurement  of  the  ground  state 


B  T.  Andraae  et  al.,  'Absohjta  Frequency  Measuramant  of  tfw  Hydrogen  18-28  TransMon  and  a  New  Value  of  the  Rydberg  Constant,' 
Rhys.  Rev.  Lett  69: 1923  (1992);  F.  Nez,  at  al.,  'Precise  Frequency  Measurement  of  the  28-8S/8D  Transitions  in  Atomic  Hydrogen: 
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Lamb  shift.  Because  our  measurements  involve 
high  angular  momentum  states  for  which  the  Lamb 
shift  is  extremely  smalt,  our  results  may  be  com¬ 
pared  with  optical  measurements  of  transitions 
between  low-lying  states  to  yield  an  improved 
measurement  of  the  Lamb  shift.  Third  is  to  provide 
a  frequency  calibration  of  the  spectrum  of 
hydrogen,  enabling  the  creation  of  a  comprehensive 
frequency  standard  extendirig  from  the  radio¬ 
frequency  regime  to  the  ultra-violet. 

Our  experiment  employs  an  atomic  beam  configura¬ 
tion  to  reduce  Doppler  and  collisional  perturbations. 
Atomic  hydrogen  is  excited  to  the  low  angular 
momentum  n=29,  m=0  state  by  two-photon  step¬ 
wise  absorption.  The  excited  atoms  are  then  trans¬ 
ferred  to  the  longer  lived  n=2g,  m«28  "circular" 
state  by  absorption  of  circularly  polarized  radio¬ 
frequency  radiation.^o  The  atoms  enter  a  region  of 
uniform  electric  field  in  which  the  frequency  of  the 
resonant  transition  n=29,  m=28  -*  n=30,  m=29  is 
measured  by  the  method  of  separated  oscillatory 
fields.  The  final  state  distribution  is  measured  by  a 
state-sensitive  electric  field  ionization  detector.  The 
resonance  is  manifested  by  a  transfer  of  atoms 
from  the  ns29  state  to  the  n=30  state  as  the 
millimeter-wave  frequency  is  tuned  across  the  tran¬ 
sition. 

Figure  7  illustrates  the  apparatus.  Atomic  hydrogen 
or  deuterium  is  produced  by  dissociating  Ha  or  Oa  in 
a  radio-frequency  discharge.  The  beam  is  cooled 
by  collisions  in  a  cryogenic  thermalizing  channel  in 


order  to  slow  the  beam  and  thereby  increase  the 
interaction  time.  The  atoms  enter  the  circular  state 
production  region,  where  they  are  excited  from  the 
Is  ground  state,  through  the  2p  state,  to  the 
n-29,m>0  state  by  two-photon  stepwise  excitation. 
This  is  performed  in  an  electric  field  to  provide 
selective  population  of  the  particular  0^29,  m-O 
level  required  for  subsequent  microwave  excitation 
of  the  circular  states.  The  electric  field  is  then 
rapidly  reduced  to  an  intermediate  value  as  the 
atoms  pass  through  the  center  of  a  square  config¬ 
uration  of  four  electrodes.  The  electrodes  are 
excited  by  a  2  GHz  RF  source  with  a  90  degree 
phase  delay  between  the  adjacent  pairs  (figure  8). 
The  circularly  polarized  field  drives  the  atoms  into 
the  m-28  circular  state  through  the  stepwise 
absorption  of  28  photons.  A  detector  in  the  circular 
state  production  region  monitors  the  efficiency  of 
the  optical  excitation  and  angular  momentum 
transfer  processes. 

After  the  atoms  are  prepared  in  the  n-29  circular 
state,  the  beam  enters  the  interaction  region. 
Because  Rydberg  atoms  interact  strongly  with 
external  fields,  accurate  measurement  of  the  energy 
level  structure  requires  careful  control  of  the  inter¬ 
action  environment.  Thermal  radiation  is  reduced 
by  cooling  the  interaction  region  to  ~10K  by  a 
liquid  helium  flow  system.  The  ambient  magnetic 
field  is  shielded  out  by  a  double-wall  high- 
permeablility  shield.  A  small  electric  field,  which 
defines  the  quantization  axis  of  the  atoms,  is 
applied  with  high  uniformity  by  field  plates  atx}ve 


’0  R.  Hulet  and  D.  Kleppner,  ’Rydberg  Atoms  in  'Circular*  States,’  Phys.  Rev.  Lett.  51: 1430  (1983). 
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FIgura  8.  Schematic  diagram  of  the  RF  circular  state  production  method. 


and  below  the  atomic  beam.  The  millimeter  waves 
intersect  the  atomic  beam  at  two  locations  sepa¬ 
rated  by  50  cm.  The  millimeter-wave  optical 
system  was  described  in  a  previous  Progress 
Report. 

The  state  distribution  of  the  atoms  emerging  from 
the  interaction  region  is  analyzed  by  a  state- 
selective  electric  field  ionization  detector.  Within 
the  detector,  the  atoms  enter  a  region  of  increasing 
electric  field  produced  by  a  pair  of  symmetric 
ramped  plates  held  at  constant  potential.  Atoms  in 
different  states  are  selectively  ionized  at  different 
fields  and  the  charged  nuclei  are  detected  at  dif¬ 
ferent  positions. 

We  have  previously  presented  initial  data  on  a 
Ramsey  interference  curve.  The  past  year  was 
devoted  to  making  improvements  in  the  apparatus 
necessary  for  an  accurate  measurement  at  the  level 
of  1  part  in  To  extract  the  information  neces¬ 
sary  to  understand  systematic  sources  of  error,  it  is 
necessary  to  increase  the  signal-to-noise  ratio  of 
the  experiment  by  a  factor  of  1000.  We  are  accom¬ 
plishing  this  by  increasing  the  excitation  efficiency 
of  the  atoms  and  decreasing  the  signal  loss  due  to 
interaction  with  biackbody  radiation.  We  have 
acquired  an  ultraviolet  excimer  pump  laser  to 
replace  our  aging  YAG  laser  and  have  begun 
development  of  an  ultraviolet  dye  laser  system. 


This  system  will  operate  at  120  Hz  instead  of  10 
Hz,  increasing  the  duty  cycle  of  the  experiment 
from  about  5  percent  to  60  percent.  In  addition,  we 
expect  the  new  laser  system  to  provide  a  greater 
spectral  density  and,  hence,  improved  efficiency  of 
atomic  excitation. 

On  the  second  front,  we  are  redesigning  the  atomic 
beam  environment  to  reduce  the  temperature  of  the 
radiation  fields  within  the  interaction  region.  In 
taking  preliminary  data,  we  used  the  method  of 
crossed  electric  and  magnetic  fields  to  transfer  the 
atoms  from  the  low  angular  momentum  state  to  the 
circular  state.'^  This  method  requires  a  magnetic 
field.  Because  the  field  could  perturb  the  measure¬ 
ments,  the  production  region  had  to  be  isolated 
from  the  interaction  region.  We  believe  that  this 
configuration  was  the  source  of  leaks  of  biackbody 
radiation  into  the  interaction  region.  We  have  now 
successfully  produced  circular  states  without  a 
magnetic  field  using  the  method  of  adiabatic  rapid 
passage  in  a  radio-frequency  field  (figure  9).  The 
new  atomic  beam  apparatus  will  incorporate  the 
production,  interaction,  and  detection  of  Rydberg 
states  into  one  uniformly  shielded  region.  We  hope 
to  complete  the  new  interaction  region  and  ultra- 
wolet  laser  system  in  the  near  future,  and  begin 
performing  high  precision  millimeter-wave  spectros¬ 
copy. 


'1  D.  Delande  and  J.C.  Gay,  *A  New  Method  for  Producing  Circular  Rydberg  States,'  Europhys.  Lett  5: 303  (1988). 
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Figura  9.  Production  of  ‘circuiar*  state  by  absorption  of  drcuiarfy  poiarized  2  QHz  radio-frequency  radiation.  The  initiai 
state,  which  ionizes  at  reiativeiy  low  electric  field  (900  V/cm)  appears  on  the  left.  The  characteri^  ionization  signal  of 
the  circular  state  appears  at  roughly  1200  V/cm. 


2.3  Precision  Mass  Spectroscopy  of 
ions 

Sponsors 

Joint  Services  Electronics  Program 
Contract  OAAL03-92-C-0001 
National  Science  Foundation 
Grant  PHY  09-21769 

Project  Staff 

Michael  P.  Bradley,  Frank  DiFilippo,  Vasant 
Natarajan,  Fred  L.  Palmer,  Abraham  D.  Stroock, 
Professor  David  E.  Pritchard 

In  1993,  we  developed  and  applied  a  new  tech¬ 
nique  for  precisely  comparing  the  masses  of  two 
ions  of  widely  differing  atomic  weight.  Together 
with  previously  developed  techniques,  we  com¬ 
pleted  a  program  of  mass  compari  sons  designed  to 
determine  ten  atomic  masses  important  for  determi¬ 
nation  of  fundamental  constants  or  metrology.  This 
program  resulted  in  a  new  high  accuracy  atomic 
mass  table  with  typical  accuracy  about  (an 
improvement  of  one  to  three  orders  of  magnitude 
over  previously  accepted  values).  It  also  provided 
numerous  quantitative  tests  of  our  internal  consist¬ 
ency  that  virtually  eliminate  the  possibility  of 
unknown  systematic  errors.  This  capability  has 
allowed  us  to  contribute  to  several  important  exper¬ 
iments  in  both  fundamental  and  applied  physics, 
including: 


•  Contributing  to  a  recaiibration  of  the  cument 
x-ray  wavelength  standard  by  weighing  the 
energy  differences  that  go  into  y-rays  with 
wavelengths  that  will  be  measured  at  tfte 
National  Institute  of  Standards  and  Technology; 

•  Determination  of  the  molar  Planck  constant 
NaA,  by  weighing  y-rays;  this  will  also  provide 
an  alternate  determination  of  the  fine  structure 
constant; 

•  Determination  of  the  atomic  weight  of  "Si, 
which  is  part  of  a  program  to  replace  the 
"artifacT  kilogram  mass  standard  by  a  crystal 
of  isotopically  pure  "Si,  effectively  creating  an 
atomic  standard  of  mass. 

In  addition,  we  are  laying  the  groundwork  for  two 
kjture  advances:  (1)  increasing  the  versatility  of  our 
apparatus  by  loading  ions  externally,  and  (2) 
improving  our  level  of  precision  another  order  of 
magnitude.  The  latter  goal  will  be  achieved  by 
comparing  two  simultaneously  trapped  ions  (to  elim¬ 
inate  the  problems  due  to  field  drift)  and  using 
squeezing  techniques  to  reduce  the  influence  of 
thermal  noise  on  the  measurements.  These 
advances  will  allow  us  to: 

•  Measure  the  -  ^He^  mass  difference, 
important  in  ongoing  experiments  to  determine 
the  electron  neutrino  rest  mass; 
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•  Improve  some  traditional  applications  of  mass 
spectrometry  due  to  our  orders  of  magnitude 
improvement  in  both  accuracy  and  sensitivity; 

•  Determine  the  moiar  Planck  constant  NaA,  by 
measuring  the  atomic  mass  and  recoii  velocity 
of  an  atom  that  has  absorbed  photons  of 
known  wavelength;  and 

•  Determine  excitation  and  binding  energies  of 
atomic  and  molecular  ions  by  weighing  the 
small  decrease  in  mass,  Am  -  Eund/c^  (we  must 
reach  our  ultimate  goal  of  a  precision  of  a  few 
parts  in  10-'^  to  make  this  a  generally  useful 
technique). 

In  our  experimental  approach,  we  measure  ion 
cyclotron  resonance  on  a  single  molecular  or 
atomic  ion  in  a  Penning  trap,  a  highly  uniform  mag¬ 
netic  field  with  confinement  along  the  magnetic  field 
lines  provided  by  much  weaker  electric  fields.  We 
monitor  the  axial  oscillation  of  the  ion  by  detecting 
the  currents  induced  in  the  trap  electrodes. 
Working  with  only  a  single  ion  is  essential  because 
space  charge  iVom  other  ions  leads  to  undesired 
Crequency  shifts.  This  work  in  trapping  and  pre¬ 
cision  resonance  draw-  on  techniques  developed 
by  Hans  Dehmeft  at  vhe  University  of  Washington 
and  Norman  Ramsey  at  Harvard,  for  which  they 
shared  the  1989  Nobel  Prize. 

We  have  developed  techniques  for  driving,  cooling, 
and  measuring  the  frequencies  of  all  three  normal 
modes  of  Penning  trap  motion.  Thus,  we  can 
manipulate  the  ion  position  reproducibly  to  within  30 
microns  of  the  center  of  the  trap,  correcting  for 
electrostatic  shifts  in  the  cyclotron  frequency  to 
achieve  greater  accuracy.  We  use  a  rr-pulse 
method  to  coherently  swap  the  phase  and  action  of 
the  cyclotron  and  axial  modes.'*  Therefore, 
although  we  detect  only  the  axial  motion  directly, 
we  can  determine  cyclotron  frequency  by  meas¬ 
uring  the  phase  accumulated  in  the  cyclotron 
motion  in  a  known  time  interval. 

In  the  past  two  years,  we  have  rebuilt  our  appa¬ 
ratus  with  a  new  Penning  trap  and  quieter  rf  SQUID 
detector.  We  have  implemented  a  new  signal  pro¬ 
cessing  algorithm  to  improve  our  phase  estimation 
by  a  factor  of  two  to  three.  We  can  measure  the 
phase  of  the  cyclotron  motion  to  within  10  degrees, 
leading  to  a  precision  of  1  x  1 0- for  a  one  minute 
measurement.  Our  entire  ion-making  process  has 
been  automated,  and  the  computer  can  cycle  from 
an  empty  trap  to  having  a  cooled  single  ion  in  about 


three  minutes  under  optimal  conditions.  With  the 
spatial  imperfections  in  the  electric  and  magnetic 
fields  made  as  small  as  possible  our  systematic 
errors  are  well  below  5x10-".  However,  the 
typical  statistical  fluctuation  in  our  magnetic  field  is 
2.4x10-'°  between  measurements  (over  the 
smooth  drift  in  the  field).  Thus,  with  the  ability  to 
achieve  ~  20  alternate  loadings  of  two  different  ion 
species  in  one  night,  our  overall  uncertainty  can  be 
as  small  as  8x10-"  (see  figure  10).  We  have 
found  that  the  distribution  of  field  variation  is  not 
Gaussian,  but  instead  has  additional  outlying  points. 
This  has  led  us  to  use  robust  statistical  analysis  of 
field  fluctuations;  in  particular,  a  generalization  of 
least  squares  fitting  ca(t<i<d  "M-estimates”  in  which 
outlying  points  are  deweighted  in  a  manner  deter¬ 
mined  by  the  observed  excess  number  of  outliers. 
Using  this  analysis  has  eliminated  arbitrary  deci¬ 
sions  about  dropping  "bad  points"  from  our  data 
sets  and  has  increased  the  stability  of  the  fit. 


Figure  10.  Cyclotron  frequency  as  a  function  of  time  for 
alternate  N}  and  CO  ions  in  our  Penning  trap.  The  fre¬ 
quencies  are  obtained  after  a  50s  integration  of  cyclotron 
phase  (see  text).  The  solid  line  is  a  polynomial  fit  to  the 
drift  in  the  field  common  to  both  ions. 

We  have  also  developed  a  new  measurement  tech¬ 
nique  to  extend  our  precision  comparison  to  non¬ 
doublets  (pairs  of  ions  with  substantially  different 
mass-to-charge  ratios),  allowing  us  to  perform  strin¬ 
gent  checks  on  systematics  using  such  known 
ratios  as  Nj/N*  and  Ar/Ar**.  This  technique  repre¬ 
sents  a  significant  advance  in  precision  mass 
spectrometry  since  it  allows  us  to  obtain  absolute 


^2  E.A.  Cornell,  R.M.  Weisskoff,  K.R.  Boyce,  and  D.E.  Pritchard,  'Mode  Coupling  in  a  Penning  Trap:  n  Pulses  and  a  Classical  Avoided 
Crossing,"  Phys.  Rev.  A  41;  312  (1990). 
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masses  by  direct  comparison  to  carbon.  Indeed,  we 
have  compared  CD}  and  CO$  to  C*  to  obtain  two 
independent  determinations  of  the  atomic  weight  of 
deuterium.  In  general,  mass  ratios  of  doublets 
cannot  be  inverted  to  obtain  absolute  masses 
without  comparing  some  species  to  carbon,  which 
by  definition  has  an  atomic  mass  of  exactly  12. 
This  is  traditionally  done  using  the  ratios  of  very 
heavy  ions  such  as  C13H14VC12/H2S*  to  determine  H. 
or  C4D2VC3D8*  to  determine  D.  We  have  circum¬ 
vented  this  difficulty  by  developing  a  scheme  Invol¬ 
ving  only  doublet  comparisons  that  uses  the  known 
Ar/Ar*  ratio  to  obtain  the  absolute  masses  of 
several  light  atoms— H,  D,  N,  O,  Ne,  Ar— to  about 
an  order  of  magnitude  better  than  the  current  stan¬ 
dard  mass  table  (see  table  1).  The  value  of  the 
deuterium  mass  obtained  using  this  method  is  con¬ 
sistent  with  the  value  from  the  direct  non-doublet 
comparisons,  giving  us  high  confidence  in  our 
results. 

An  extensive  series  of  quantitative  systematic 
checks  of  our  results  involving  repeated  checks  of 
identical  ratios  (some  interspaced  by  a  significant 
reduction  of  our  field  inhomogeneities);  checks  of 


circular  ratios  (e.g.,  A/B,  B/C,  and  C/A);  checks  of 
related  ratios  (e.g.,  CO/N2  and  00^20);  and 
known  ratios  (e.g.,  Ar*/AT*)  has  shown  us  that 
there  are  no  unknown  systematic  errors  in  our 
results.  H  and  D  have  bMn  measured  by  several 
independent  routes,  because  the  mass  of  many 
interesting  ions  can  be  determined  by  comparison 
with  a  suitable  organic  compound  of  the  same 
nominal  mass. 

To  extend  the  applicability  of  our  current  mass 
measurement  capi^ilities,  we  have  built  an  external 
ion  source  and  associated  optics  that  can  produce 
and  select  ions  with  a  resolution  of  0.1  in  mass-to- 
charge  ratio.  When  this  comes  on  line,  we  should 
be  able  to  greatly  reduce  the  percentage  of  "bad” 
ions  (wrong  nominal  atomic  weight)  and  also  alle¬ 
viate  the  problem  of  residual  neutral  gas  when 
using  volatile  species  such  as  helium. 

In  order  to  proceed  to  much  higher  levels  of  mass 
measurement  precision,  we  must  eliminate  the 
random  fluctuations  of  the  magnetic  field  in  our 
measurements.  We  have  explored  two  ways  to 
achieve  this  by  putting  two  ions  in  the  trap  at  the 
same  time  and  have  decided  to  pursue  a  method 


Atom 

Mass  (amu) 

Accepted  values  (amu) 

IH 

1.007  825  031  6  (5) 

1.007  825  0350(120) 

n 

1.008  664  923  5(23) 

1.008  664  9190(140) 

2H 

2.014  101  777  9  (5) 

2.014  101  779  0  (240) 

13c 

13.003  354  838  1  (10) 

13.003  354  8260(170) 

14n 

14.003  074  004  0  (12) 

14.003  074  002  0  (260) 

15n 

15.000  108  897  7(11) 

15.000  108  970  0(400) 

I60 

15.994  914  619  5  (21) 

15.994  914  630  0  (500) 

20Ne 

19.992440  175  4(23) 

19.992  435  600  0  (22000) 

28Si 

27.976926  532  4(20) 

27.976  927  100  0(7000) 

40Ar 

39.962  383  122  0  (33) 

39.962  383  700  0  (14000) 

Table  1.  Atomic  mass  table.  The  center  column  lists  the  atomic  masses  determined  from  our  experiment,  and  the  right 
column  lists  the  accepted  atomic  masses  from  the  1983  evaluation.  [A.H.  Wapstra  and  G.  Audi,  "The  1983  Atomic  Mass 
Evaluation  (I).  Atomic  Mass  Table,”  Nucl.  Phys,  A  432:1  (1985).]  For  the  purpose  of  comparison,  zeros  have  been 
added  to  the  numbers  in  the  right  column  so  that  the  number  of  digits  are  equal. 
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we  described  last  year/^  If  this  works  well,  the 
primary  source  of  measurement  noise  will  be  the 
special  relativistic  mass  shift  due  to  thermcd  fluctu¬ 
ations  in  cyclotron  amplitude. 

We  have  proposed  a  scheme  of  classical  squeezing 
with  parametric  drives  to  reduce  amplitude  fluctu¬ 
ations.'^  In  1993,  we  were  successful  in  demon¬ 
strating  a  simplified  version  of  the  quadrature 
squeezing  of  the  thermal  motion  of  the  ion.  Figure 
1 1  shows  how  the  rms  fluctuations  of  the  cyclotron 
amplitude  vary  when  we  apply  a  cyclotron  pulse  of 
adjustable  phase  to  a  previously  squeezed  distribu¬ 
tion.  Note  that  at  0  >  90  degrees,  the  fluctuations 
are  reduced  to  approximately  one  half  of  their 
unsqueezed  value.'” 


Figure  11.  Demonstration  of  classical  amplitude 
squeezing.  The  observed  amplitude  noise  is  plotted  as  a 
function  of  the  relative  phase.  At  a  drive  phase  of  90 
degrees,  the  noise  is  minimized.  A  best  fit  to  the  data 
shows  that  a  factor  of  two  reduction  has  been  achieved. 
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During  1993,  we  refined  our  atom  interferometer'” 
and  started  to  perform  experiments  with  spatially 
separated  beams.  The  interferometer  is  now  oper¬ 
ating  with  smaller  period  gratings,'^  providing 
greater  beam  separation.  The  experiments  were 
performed  with  the  aid  of  an  interaction  region  that 
inserts  a  thin  metal  foil  between  the  beams  (figure 
12).  This  allowed  us  to  manipulate  the  atomic 
wave  function  in  one  arm  of  the  interferometer 
without  affecting  the  other  portion. 


13  E.A.  Cornell,  K.R.  Boyce,  O.L.K.  Fygenson,  and  O.E.  Pritchard,  Two  Ions  in  a  Penning  Trap:  Implications  for  Precision  Mass  Spec¬ 
troscopy,'  Pfjys.  Rev.  A  45: 3049  (1992). 

14  F.  DIFilippo,  V.  Natarajan,  K.R.  Boyce,  and  D.E.  Pritchard,  'Classicai  Amplitude  Squeezing  for  Precision  Measurements,'  Phys.  Rev. 
Lett.  68:  2859  (1992). 

15  F.  DiRlippo,  Precise  Atomic  Masses  for  Determining  Fundamental  Constants,  Ph.D.  diss..  Dept,  of  Physics,  MIT,  1994. 

IS  D.W.  Keith,  C.R.  Ekstrom,  Q.A.  Turchette,  and  D.E.  Pritchard,  'An  Interferometer  for  Atoms,'  Phys.  Rev.  Lett.  66:  2693  (1991). 

ir  D.W.  Keith,  M.  Rooks,  C.R.  Ekstrom,  D.W.  Keith,  and  D.E.  Pritchard,  'Atom  Optics  Using  Microfabricated  Structures,'  Appf.  Phys.  B 
54:  369  (1992). 
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Figure  12.  A  schematic  of  our  atom  interferometer  showing  the  active  vibration  isolation  system  and  the  interaction 
region  (not  to  scale).  The  10  pm  copper  foil  is  shown  between  the  two  arms  of  the  interferometer  (thick  lines  are  atom 
beams).  The  opticai  interferometer  (thin  lines  are  He-Ne  beams)  is  used  for  active  vibration  isolation.  The  200  nm 
period  atom  gratings  are  indicated  by  a  vertical  dashed  line,  and  the  3.3  pm  period  optical  gratings  by  a  vertical  solid 
line. 


Approximately  six  atom  interferometers  have  been 
demonstrated  since  our  pioneering  demonstration  of 
an  interferometer'^  made  with  three  nanofabricated 
atom  gratings.'^  These  instruments  will  make  pos¬ 
sible  new  types  of  experiments  involving  inertial 
effects,  novel  studies  of  atomic  and  molecular  prop¬ 
erties,  and  tests  of  fundamental  physics.  They 
could  also  make  possible  the  development  of  ultra¬ 
small  structures  using  atom  lithography.  Specif¬ 
ically; 

•  The  relatively  large  mass  and  low  velocity  of 
atoms  makes  atom  interferometers  especially 
sensitive  to  inertial  effects  such  as  rotation, 
acceleration,  and  gravity.  Sagnac  rotation  has 
been  observed  in  accord  with  theoretical  pre- 
dictions'B  and  sensitivity  to  gravitational  accel¬ 
eration  at  the  3x10-0  level  has  been 
demonstrated.'^  Atom  interferometers  may 


become  the  best  absolute  accelerometers  and 
gravimeters  within  the  next  few  years. 

•  Atom  interferometers  can  be  applied  to  a 
number  of  experiments  in  fundamerrtal  physics: 
tests  of  quantum  mechanics  such  as  the 
Aharonov-Casher  effect;^  geometric  phases 
and  the  measurement  process;  measurement 
of  the  equality  of  proton  aixl  electron  charges; 
and  a  precise  measurement  of  the  momentum 
of  a  photon.  This  latter  measurement  should 
produce  a  new  high  precision  value  for  the 
molar  Planck  constant  NaA. 

•  Interferometers  for  atoms  and  molecules  will 
provide  more  accurate  ways  to  measure 
intrinsic  properties  of  these  prides,  like  their 
polarizability.  They  will  also  open  up  new  areas 
of  study,  such  as  measurements  of  the  "index 


1B  F.  Riehle,  T.  KIsters,  A.  Witte,  J.  Helmcke,  and  C.J.  Borde,  ’Opticai  Ramsey  Spectroscopy  in  a  Rotating  Frame:  Sagnac  Effect 
Matter-Wave  Interferometer,"  Phys.  Rev.  Lett.  67: 177  (1991), 

19  M.  Kasevicti  and  S.  Chu,  ’Atomic  Interferometry  Using  Stimulated  Raman  Transitions,’  Phys.  Rev.  Lett.  67: 181  (1991). 

20  Y.  Aharonov  and  A.  Casher,  Topological  Quantum  Effects  for  Neutral  Partides.’  Phys.  Rev.  Lett.  53: 319  (1984). 
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Of  refraction"  of  a  gas  for  a  propagating  particle 
beam. 

The  key  component  of  our  interferometer  is  the  set 
of  three  matched  transmission  diffraction  gratings 
with  2000  A  period  which  we  constructed  at  the 
National  Nanofabrication  Facility  (NNF)  at  Cornell 
University.  The  process  that  we  developed  allows 
fabrication  of  precisely  positioned  openings  in  thin 
silicon  nitride  membranes  mounted  in  silicon 
frames.  Grating  patterns  in  the  membranes  are 
generated  t^  electron  beam  lithography,  making  the 
process  quite  versatile.  This  process  was  used  to 
create  a  variety  of  diffraction  gratings  used  in  the 
interferometer.  In  addition,  several  zone  plates 
(atom  lenses)  were  also  built  and  demonstrated.^' 

During  1993,  we  made  several  modifications  to  our 
atom  interferometer,  including  the  addition  of  a  new 
computer  interface  that  allows  a  Macintosh  Quadra 
with  Labview  software  to  control  the  experiment  and 
analyze  the  data  in  real  time.  These  have  resulted 
in  larger  signals  and  greater  reliability  for  this  instru¬ 
ment,  which  is  the  only  atom  interferometer  in 
which  interfering  beams  are  physically  separated. 
We  have  exploited  this  capability  to  perform  severed 
unique  experiments. 

We  have  used  this  interferometer  to  determine  the 
polarizability  of  the  ground  state  of  sodium  to  0.3 
percent  by  applying  a  uniform  electric  field  to  one 
component  of  the  atom  wave  and  measuring  the 
resulting  phase  shift  of  the  interference  pattern. 
This  type  of  measurement  determines  the  ground 
state  polarizabilities  rather  than  the  difference  of 
ground  and  excited  state  polarizability  which  can  be 
measured  with  spectroscopic  or  interferometric 
techniques  in  which  the  interfering  paths  are  not 
spatially  isolated.  The  precision  of  our  measure¬ 
ment  was  about  five  times  better  than  previous 
determinations.® 

In  another  experiment,  performed  with  a  new  inter¬ 
action  region  that  can  confine  a  gas  sample  so  that 
only  one  of  the  atom  beams  in  the  interferometer 
passes  through  it,  we  observed  both  the  attenuation 
and  the  phase  shift  of  an  atomic  sodium  matter 
wave  when  it  was  transmitted  through  a  number  of 
atomic  (He,  Ne,  Ar,  Kr,  Xe)  and  molecular  gases 
(N2,  COz,  NHa,  and  HzO).  From  the  perspective  of 
wave  optics,  the  passage  of  a  wave  through  a 


medium  is  described  in  terms  of  a  complex  index  of 
refraction  where  N  is  the  density  of  the  medium  and 
is  the  scattering  amplitude.  The  phase  shift  (atten¬ 
uation)  is  proportionai  to  the  real  (imaginary)  part  of 
the  forwa^  scattering  amplitude,  allowing  us  to 
determine  both  of  these  quantities.® 


ference  fringes  for  helium  and  neon.  The  sbpe  of  the  fit 
on  a  semi-log  plot  as  shown  here  is  minus  the  ratio  of  the 
real  to  imaginary  parts  of  the  forward  scattering  ampli¬ 
tude. 

This  is  the  first  time  that  the  real  part  of  the  forward 
scattering  amplitude  has  been  measured  for  atom- 
atom  scattering.  An  indication  of  the  relative  sensi¬ 
tivity  of  the  real  part  to  the  interatomic  potential  is 
that  this  quantity  varies  over  more  than  an  order  of 
magnitude  in  the  systems  studied.  In  contrast,  the 
imaginary  part  of  the  forward  scattering  amplitude, 
which  is  proportional  to  the  total  scattering  cross 
section,  varies  by  about  a  factor  of  less  than  two. 
We  therefore  considered  several  simple  models  that 
predict  the  ratio  of  real  to  imaginary  parts  of  the 
forward  scattering  amplitude  for  atom-atom  scat¬ 
tering  in  order  to  elucidate  the  basic  physics  of  this 
quantity.  All  of  these  models  are  based  on  the 
partial  wave  expression  for  scattering  a  central 
potential,  a  treatment  appropriate  for  our  situation 
where  the  wavelength  of  the  scattered  wave  is 
much  smaller  than  the  size  of  this  potential. 

If  the  collision  is  modeled  as  a  hard  sphere,  the 
partial  wave  scattering  phase  shifte  are  nearly 


21  D.W.  Keith,  M.  Rooks,  C.R.  Ekstrom,  D.W.  Keith,  and  D.E.  Pritchard,  'Atom  Optics  Using  Microfabricated  Structures,*  App/.  Phys.  B 
54:  369  (1992). 

22  C.R.  Ekstrom,  J.  Schmiedmayer,  M.S.  Chapman,  T.O.  Hammond,  and  O.E.  Pritchard,  'Measurement  of  the  Electric  Polarizability  of 
Sodium  with  an  Atom  interferometer,*  submitted  to  Phys.  Rev.  Lett. 

23  C.R.  Ekstrom,  Experiments  with  a  Separated  Beam  Atom  Interferometer,  Ph.D.  diss.,  Oept.  of  Physics,  MiT,  1993. 
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random,  and  the  ratio  of  the  real  to  imaginary  parts 
of  the  forward  scattering  amplitude  is  predicted  to 
be  about  0.01  for  He,  not  too  far  from  the  measured 
value  (0.1).  A  van  der  Waals  potential  should 
produce  a  ratio  of  0.73,  in  rough  accord  with  the 
rare  gas  atoms  with  the  largest  polarizability, 
Xe(0.7)  and  Kr(0.6).  Understanding  the  results  for 
NeO  -O)  and  Ar(0.5)  will  require  fuller  treatment, 
based  on  more  realistic  interatomic  potentials. 

Recently,  we  have  changed  the  velocity  of  the 
sodium  in  our  interferometer  by  changing  the  mass 
of  the  carrier  gas  in  our  seeded  supersonic  oven. 
This  has  enabled  us  to  measure  the  dispersion  of 
the  index  of  refraction  (i.e.,  its  dependence  on 
deBroglie  wavelength)  over  a  factor  of  two  in  wave¬ 
length. 

We  have  also  applied  our  atom  optics  techniques  to 
molecules.  Molecules  were  produced  by  optimizing 
the  operating  parameters  of  our  seeded  supersonic 
source  so  that  sodium  dimers  constituted  30 
precent  of  the  detected  beam  intensity.  The  atoms 
were  then  removed  from  the  beam  by  deflecting 
them  with  resonant  laser  light  which  was  frequency 
stabilized  to  our  atomic  beam.  Figure  14  shows 
diffraction  of  molecules  and  atoms  and  diffraction  of 
only  molecules  from  a  100  nm  period  diffraction 
grating. 

We  have  used  this  molecular  beam  in  our  sepa¬ 
rated  beams  interferometer,  measuring  the  ratio  of 
real  and  imaginary  parts  of  the  forward  scattering 
amplitude  for  collisions  of  these  dimers  with  He  and 
Ne.  The  results  are  the  same  within  experimental 
error  as  for  atomic  sodium. 

Lastly,  we  have  demonstrated  the  Talbot  effect,  the 
self-imaging  of  a  periodic  structure,  with  atom 
waves.  We  have  measured  the  successive  recur¬ 
rence  of  these  self-images  as  a  function  of  the  dis¬ 
tance  from  the  imaged  grating.  This  is  a  near  field 
interference  effect  that  has  several  possible  applica¬ 
tions  in  the  rapidly  growing  field  of  atom  lithog¬ 
raphy. 
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Figure  14.  The  top  graph  shows  diffraction  of  sodium 
atoms  and  sodium  dimers  by  a  100  nm  period  diffraction 
grating.  The  fit  indicates  16.5  precent  of  the  intensity  is 
molecules,  which  have  half  the  diffraction  angle  of  the 
sodium  atoms.  The  bottom  graph  shows  the  diffraction 
pattern  after  the  atoms  have  been  removed  from  the 
beam  with  a  deflecting  laser  beam.  The  fit  is  the  same 
as  in  the  top  graph,  indicating  that  the  small  orders  in  the 
top  graph  were  entirely  molecules. 
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2.5  Cooling  and  Trapping  Neutral 
Atoms 
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Our  current  objective  is  to  obtain  samples  of  atoms 
at  very  high  density  and  ultra-low  temperatures. 
This  goal  is  pursued  by  using  a  high  flux  slower  for 
atoms,  a  light  trap  to  stop  and  compress  the  atoms. 


and  a  magnetic  trap  for  the  final  confinement  and 
cooling. 

Experiment  witfi  dense  samples  of  cold  neutral 
atoms  promise  exciting  new  discoveries  in  basic 
and  applied  physics.  Due  to  the  considerably 
reduced  thermal  motion  of  atoms,  they  are  for 
high  resolution  spectroscopy  and  for  more  accurate 
atomic  frequency  standards.  In  addition, 

•  ColHsiorts  of  ultra-cold  atoms  in  such  samples 
are  characterized  by  a  long  deBroglie  wave¬ 
length  and  are  dominated  by  weak  long-range 
interactions.  Since  the  collision  duration  for 
slow  atoms  greatly  exceeds  the  radiative  decay 
time,  stimulated  and  spontaneous  radiative 
transitions  can  take  place  during  the  collision. 
Slow  collisions  are  therefore  fundamentally  dif¬ 
ferent  from  fast  collisions  studied  so  far  and 
are  becoming  an  exciting  new  field  of  atomic 
physics.2* 

•  High  density  samples  of  atoms  open  possibil¬ 
ities  for  observing  quantum  collective  effects 
such  as  Bose-Einstein  condensation  and  col¬ 
lectively  enhanced  or  suppressed  radiative 
decay. 

In  1993,  we  completed  the  work  on  a  dark  light  trap 
which  enabled  us  to  confine  more  than  10'°  atoms 
at  densities  one  to  two  orders  of  magnitude  higher 
than  achieved  before.  The  key  feature  of  the  dark 
trap  is  that  the  atoms  spend  most  of  their  time  in  a 
dark  hyperfine  state  which  does  not  scatter  the 
trapping  light.” 

The  main  focus  of  our  work  has  been  to  obtain  high 
densities  and  long  trapping  times  in  a  magnetic  trap 
which  was  loaded  from  the  dark  light  trap.  The 
product  of  density  and  trapping  time  is  the  crucial 
parameter  for  achieving  evaporative  cooling. 


2.5.1  Magnetic  Trapping  of  Sodium  Atoms 

We  have  captured  up  to  10"  atoms  in  a  dark  light 
trap  and  transferred  them  into  a  magnetic  trap.  By 
counting  the  number  of  atoms  before  and  after  the 
transfer,  we  determined  the  transfer  efficiency  to  be 
25  percent— in  coarse  agreement  with  the  33 
percent  expected  for  trapping  one  out  of  three 
equally  populated  F-1  hyperfine  states.  The 
transfer  was  accomplished  in  a  "mode-matched" 


i*  Symposium  on  Cold  Atom  Collisions,  Institute  (or  Theoretical  Atomic  and  Molecular  Physics  at  the  Harvard-Smithsonian  Center  (dr 
Astrophysics,  Cambridge,  Massachusetts,  April  28-28, 1992,  Extended  Abstracts. 

w.  Ketterle,  K.B.  Davis,  M.A.  Joffe,  A.  Martin,  and  D.E.  Pritchard.  'High  Densities  of  Cold  Atoms  in  a  Dark  Spontaneous-force 
Optical  Trap.'  Phys.  Rev.  Lett  70:  2253-2258  (1993). 
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way— both  confinement  volume  and  temperature 
were  preserved  by  carefully  adjusting  the  strength 
of  the  magnetic  trapping  field.  Atomic  densities  in 
the  magnetic  trap  were  10"  cm*^. 

Long  trapping  times  were  achieved  by  considerably 
improving  the  vacuum.  Optimized  differential 
pumping  between  the  oven  and  trapping  chambers 
allows  pressure  ratios  of  1000.  Ultimate  pressures 
are  below  10-'**  Torr,  even  with  the  intense  atomic 
beam  on,  resulting  in  trapping  times  approaching 
one  minute.  Tra^ng  times  in  the  light  trap  are 
longer  by  roughly  a  factor  of  five  because  of  larger 
trap  depth. 


2.5J2  Dark  Molasses 

The  temperature  of  atoms  captured  in  a  sponta¬ 
neous  light  force  trap  can  be  further  reduced  by 
applying  a  cooling  scheme  called  polarization- 
gr^ient  molasses  after  switching  off  the  magnetic 
field.  Until  now,  one  has  encountered  increased 
ultimate  temperatures  for  the  highest  densities  of 
atoms.** 

We  are  currently  investigating  the  idea  that  these 
high  density  effects  can  be  avoided  by  using  a  dark 
version  of  molasses  where  most  of  the  atoms  are 
optically  pumped  into  a  dark  hyperfine  state,  with 
only  a  small  fraction  of  them  in  the  optically  cooled 
hyperfine  state.  This  process  ensures  transparency 
of  the  atom  doud  for  the  cooling  light  despite  very 
high  column  densities.  So  far,  we  have  success¬ 
fully  cooled  samples  to  60  pK.  This  temperature  is 
below  the  Doppler  limit  of  240  /rK,  but  higher  than 
temperatures  obsenred  for  Na  at  very  low  atomic 
densities  (20  /rK)  using  polarization  gradient 
molasses.**  We  are  currently  studying  the  limits  in 
the  ultimate  temperature  of  dark  molasses.  CXir 
atom  clouds  have  optical  densities  cf  200  for  reso¬ 
nant  repumping  light  and  would  be  opaque  for  the 


cooiirtg  light  without  optical  pumping  into  a  dark 
state. 


2J.3  Rf  Induced  Evaporative  Cooling  of 
Atome 

We  hope  to  reach  the  nK  regime  using  evaporative 
cooling  instead  of  optical  cooHng.  Evaporative 
cooling  of  atomic  hydrogen  below  the  recoil  limit 
has  been  achieved  by  Professors  Kleppner  and 
Qreytak,**  but  their  method  is  highly  specialized  and 
limited  exclusively  to  hydrogen.  We  believe  that  it 
is  important  to  pursue  similar  goals  with  other 
atoms,  not  only  berause  different  atomic  species 
such  as  the  alkalis  will  show  different  physical 
effects,  but  also  because  of  their  ease  of  manipu¬ 
lation  and  obsenration.  The  cryogenic  methods  that 
are  employed  for  hydrogen  are  cumbersome  in  con¬ 
trast  to  the  laser  cooling  methods  that  are  used  in 
the  early  stages  of  our  cooling  technique.  Further¬ 
more,  there  is  evidence  that  the  collisional  cross 
sections  for  evaporative  cooing  are  more  favorable 
for  alkali  atoms  than  for  hydrogen.** 

Evaporative  cooling  is  accomplished  by  repetitively 
removing  the  high  energy  "tail"  of  the  thermal  dis¬ 
tribution  of  atoms  in  the  trap.  The  remaining  atoms 
then  cool  coliisionally  as  the  high  energy  tail  is 
repopulated.  The  essential  condition  for 
evaporative  cooling  is  that  the  collision  rate  be  suffi- 
cieritly  high  for  many  collisions  to  occur  within  the 
lifetime  of  the  atoms  in  the  trap.  Until  now,  this  has 
not  been  possible  using  laser-cooled  atoms 
because  the  atomic  densities  have  been  too  low. 
We  are  confident  that  our  dark  cooling  and  trapping 
techniques  provide  sufficiently  high  densities  to 
observe  evaporative  cooling. 

Beside  high  initial  density  and  long  trapping  times, 
evaporative  cooling  requires  a  method  for  selec¬ 
tively  removing  hot  atoms  from  the  trap.  Our 
approach  is  to  use  resonant  rf  radiation  which 
selectively  spinflips  hot  atoms  and  thus  removes 
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them  from  the  trap  »  The  advantage  of  this  strategy 
over  simply  lowering  the  magnetic  trap  depth  is  that 
confinement  is  not  weaKerikl.  So  far,  we  have 
tested  the  rf  setup  and  shown  that  we  can  change 
the  energy  distribution  function  of  trapped  atorrw 
with  rf  radiation. 


2.5.4  Work  in  Progress 

•  Spin  Flip  Zeeman  Slower 

We  currently  load  our  trap  using  an  inverted 
"Zeeman  slower"  that  has  produced  the  largest 
flux  of  slow  atoms  achieved  to  date.^^  We  have 
a  new  design  that  may  improve  the  effective 
flux  by  one  or  two  orders  of  magnitude  by  over¬ 
coming  effects  due  to  transverse  heating.  The 
key  new  idea  is  to  pump  the  atoms  from  the 
weak  field  seeking  hyperfine  level  into  the 
strong  field  seeking  one  during  the  slowing 
process. 

•  Magnetic  Trap  with  High  Field  Gradients 

We  have  designed  a  new  magnetic  trap  which 
will  produce  magnetic  field  gradients  up  to 
1000  G/cm,  a  factor  of  ten  improvement  over 
our  current  setup.  Such  high  field  gradients 
will  be  used  for  adiabatic  compression  of  the 
trapped  atoms.  This  will  result  in  an  increased 
spe^  of  evaporative  cooling. 
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creates  a  small  region  in  the  center  of  the  trap  where  the 
atoms  are  optically  pumped  into  a  dark  hyperfine  state. 
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1.1.1  Observation  of  Frequency  Chirping 
and  Phase  of  a  Free  Electron  Laser 
Amplifier 

Temporal  variations  of  frequency  and  phase  are 
important  parameters  of  pulsed  free  electron  lasers 
(FEL)  in  many  proposed  applications  such  as,  for 
example,  in  radar  and  communications  and  as 
drivers  in  novel  high  gradient  accelerators.  Such 
temporal  variations  (chirping)  have  been  observed 
in  wave  propagation  in  passive  media  and  can 
occur  as  a  result  of  a  time-dependent  dielectric 
coefficient  caused  by  changes  in  plasma  density,^ 
or  as  a  result  of  a  rapidly  moving  plasma-vacuum 
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3  S.C.  Wilks,  J.M.  Dawson,  and  W.B.  Mori,  'Frequency  Up-Conversion  of  Electromagnetic  Radiation  with  Use  of  an  Overdense 
Plasma,*  Phys.  Rev.  Lett.  61;  337  (1989);  C.J.  Joshi,  C.E.  Clayton,  K.  Marsh,  O.B.  Hopkins,  A.  Sessler,  and  D.  Whittum,  'Demon¬ 
stration  of  the  Frequency  Upshifting  of  Microwave  Radiation  by  Rapid  Plasma  Creation,*  IEEE  Trans.  Plasma  Set.  18:  814  (1990); 
V.R.  Goteti  and  D.K.  Kalluri,  'Wave  Propagation  in  a  Switched  on  lime  Varying  Plasma  Medium,'  IEEE  Trans.  Plasma  Sd.  17:  828 
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boundary.^  In  this  paper,  we  report  frequency  and 
phase  shift  measurements  in  an  active,  lasing 
medium  in  which  the  wave  amplitude  exhibits  expo¬ 
nential  growth.  Here,  the  time-varying  dieiectric 
medium  represents  the  interaction  between  the 
pulsed  relativistic  electron  beam  of  the  free  electron 
laser  (FEL),  the  magnetic  wiggler,  and  the 
copropagating  electromagnetic  wave  launched  into 
the  system.  The  theoretical  and  computational 
modeling  is  described  eisewhere.^ 

A  schematic  of  the  FEL^  amplifier  is  shown  in  figure 
la.  A  mildly  relativistic  electron  beam  (750  keV)  is 
generated  by  a  Marx  capacitor  bank  (Physics  Inter¬ 
national  Pulserad  110A).  The  electrons  are  emitted 
from  a  hemispherical  graphite  cathode  by  an 
explosive  field-emission  process.  The  gr^hite 
anode  acts  as  an  emittance  selector,  allowing  only 
a  small  fraction  of  the  essentially  monoenergetic 
electron  beam  to  propagate  through  its  2.54-mm 
radius  and  62-mm-long  aperture. 

The  50-period  bifilar  helical  wiggler  produced  by 
current-carrying  helical  wires  has  a  period  of  3.18 
cm  and  provides  a  magnetic  field  of  uniform  ampli¬ 
tude  whose  magnitude  on  axis  is  adjustable  up  to 


1.8  kG.  The  wilier  field  intensity  is  slowly 
increased  over  the  initial  six  periods,  and  provides 
an  adiabatic  input  for  the  electron  beam.  The 
system,  including  the  gun,  is  immersed  in  a  uniform 
axial  guide  magnetic  field  generated  by  a  solenoid. 
The  intensity  of  this  field  can  be  varied  up  to  a 
maximum  of  1 1 .6  kG. 

The  2-m-long  stainless-steel  drift  tube  has  an 
internal  radius  of  0.51  cm  and  acts  as  a  cylindrical 
waveguide  whose  fundamental  TEn  mode  has  a 
cutoff  frequency  of  17.2  GHz.  The  system  is 
designed  to  operate  in  this  lowest  waveguide  mode. 

A  high-power  magnetron  operating  at  33.39  GHz  is 
the  input  power  source  for  the  FEL  amplifier.  The 
wave  launcher  consists  of  a  short  section  of  circular 
waveguide  of  radius  0.31  cm  into  which  ~  12kW  of 
power  is  coupled  from  a  standard  Ka-band  rectan¬ 
gular  waveguide.  This  section  of  circular  wave¬ 
guide  supports  only  the  fundamental  TEn  mode  for 
the  operating  frequency.  Its  radius  is  then 
adiabatically  increased  to  the  radius  of  the  drift 
tube.  A  linearly  polarized  wave  is  thereby  injected 
into  the  interaction  region. 
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Figure  1.  (a)  Experimental  arrangement  of  the  FEL 

amplifier,  (b)  spectrum  analyzer,  and  (c)  interferometer. 

The  output  power  from  the  FEL  is  transmitted  by 
means  of  a  conical  horn  into  a  reflection  free 


"anechoic  chamber.”  A  small  fraction  of  the  radi¬ 
ation  is  then  collected  by  a  receiving  horn,  passes 
through  precision  calibrated  attenuators,  and  a 
1.7-GHz-wide  band-pass  filter.  The  power  levels 
are  finally  determined  from  the  response  of  cali¬ 
brated  crystal  detectors. 

The  radiation  intensity,  frequency  and  phase  are 
measured  as  a  function  of  interaction  length  within 
the  wiggler.  This  length  is  varied  by  changing  the 
distance  that  the  electron  beam  is  allowed  to  propa¬ 
gate  in  the  drift  tube.  Application  of  a  strong  trans¬ 
verse  magnetic  field  locally  is  sufficient  to  deflect 
the  electrons  into  the  waveguide  wall  and  thereby 
terminate  the  interaction  at  that  point. 

All  studies  reported  in  this  report  were  carried  out  in 
an  FEL  subjected  to  a  combined  axial  magnetic 
field  (Bz)  and  a  helical  wiggler  field  (B*,).  The  solid 
dots  of  figure  2  illustrate  the  optimal  operational 
parameters  in  the  three  well  known  groups^  indi¬ 
cated  in  the  figure.  Group  I  refers  to  the  situation 
where  the  cyclotron  wavelength  le  ■  27TVz)'m/eBz  in 
the  guide  field  exceeds  the  wiggler  wavelength  U 
such  that  le  >  Iw  Group  II  corresponds  to  the  case 
where  the  cyclotron  wavelength  is  less  than  !«, 
namely  le<lw;  and  the  Reversed  Field  Regime  is 
one  in  which  the  electron  orbital  motions  in  the 
guide  and  wiggler  fields  oppose  one  another 
( -  le  <  Iw).  The  three  operating  regimes  are  sepa¬ 
rated  by  two  singular,  unstable  regions.  The  one, 
referred  to  as  gyroresonance,  occurs  where  !«  »  !«; 
the  other  so  called  antiresonance  occurs  at 

-  Ic  ~  Iw 

Early  studies  of  the  frequency  spectrum  and 
chirping  have  been  determined'°  by  a  heterodyne 
technique  illustrated  in  figure  1b.  A  crystal  rectifier 
was  used  as  a  mixer  for  the  33  GHz  FEL  radiation 
and  for  radiation  from  a  variable  frequency  23  GHz 
local  oscillator.  The  resulting  beat  wave  was  ampli¬ 
fied  and  sent  to  an  array  of  band-pass  waveguide 
filters.  Thus,  the  calibrated  response  of  the  various 
channels  provides,  on  a  single  shot  basis,  a  direct 
histogram  of  output  power  in  terms  of  radiation  fre¬ 
quency. 

The  frequency  spectra  in  the  saturation  region,  cor¬ 
responding  to  a  measurement  with  a  full  length 
wiggler  of  ~  180cm  are  shown  in  figure  3.  We 
obsenre  that  in  Group  I  the  spectrum  is  shifted  from 
the  input  magnetron  frequency  by  ~  100MHz.  The 
80  MHz  width  of  each  band-pass  filter  does  not 
allow  better  resolution.  Figure  3  also  illustrates 
that,  within  the  sensitivity  of  this  technique,  no  fre- 


'0  M.E.  Conde,  C.J.  Taylor,  and  G.  Bekefi,  ’Observations  of  Frequency  Upshift  in  a  Pulsed  Free-Electron  Laser  Amplifier,'  Ptv/s.  Fluids 
B5:  1934  (1993). 
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Figure  2.  Orbit  calculations  of  the  axial  electron  velocity  as  a  function  of  axial  magnetic  field.  The  solid  points  show  the 
operating  regimes  at  maximum  measured  RF  output. 


quency  chirping  is  observed  in  either  Group  11  or  in 
the  Revers^  Fieid  Regime. 

In  order  to  improve  sensitivity  and  study  frequency 
chirping  (if  any)  in  the  two  other  PEL  regimes,  we 
resorted  to  the  method  shown  in  figure  1c.  In  this 
interferometric  technique,  the  total  phase  difference 
between  the  reference  and  FEL  input  signals  into 
the  hybrid  tee  as  a  function  of  time  t  is  found  to 
be" 


sive  settings  of  the  phase  shifter.  A  least  squares 
algorithm  then  fits  a  sinusoid  to  the  data  recorded 
on  the  right  hand  side  of  Eq.  1  for  ali  six  phase 
shifter  settings  <t>o  (figure  4). 

The  procedure  is  repeated  with  the  electron  beam 
turned  off,  and  a  second  sinusoid  is  generated. 
The  phase  slippage  between  the  two  sinusoids 
thereby  derived  then  yields  the  desired  phase 
change  A0(t)  caused  by  the  FEL  interaction. 


cos  <^(t)  - 


Pi(t)-P2(t) 

W^felWPrefW 


(1) 


Here  PFEL(t)  and  PREF(t)  are  the  instantaneous 
power  inputs  into  the  hybrid  tee  (see  figure  1c) 
during  the  FEL  voltage  pulse;  and  P,(t)  and  P2(t) 
are  the  corresponding  outputs  from  the  tee.  For 
every  phase  shifter  setting  <^o.  three  shots  are 
taken,  and  Pfel,  Pref,  Pi  and  Pj  recorded.  The 
phase  shifter  is  then  advanced  by  60  degrees,  and 
the  procedure  is  repeated  for  a  total  of  six  succes¬ 


Figure  5  illustrates  the  temporal  behavior  of  the 
phase  change  A<l>{\)  for  a  discrete  set  of  time 
values  chosen  during  the  FEL  pulse.  The  instanta¬ 
neous  frequency  shift  can  then  be  obtained  from 
the  slope  of  these  cunres,  namely 
Af-(1/27T)(dA0(t)/dt).  The  large  chirping  observed 
in  Group  I  and  the  relatively  weak  chirping  in  Group 
II  and  the  Reversed  Field  Regime  confirms  the 
much  cruder  measurements  depicted  in  figure  3. 
We  note  that  Group  I  is  characterized  by  strong  fre¬ 
quency  upshifts  as  well  as  downshifts,  unlike 
Groups  II  and  Reversed  Field  regimes  where 
mostly  upshifting  is  seen. 


"  T.J.  Orzechowski,  E.T.  Scharlemann,  and  D.B.  Hopkins,  ’Measurement  of  the  Phase  of  the  Electromagnetic  Wave  in  a  Free-Electron 
Laser  Amplifier,'  Phys.  Rev.  ASS:  2184  (1987). 
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Figura  3.  Frequency  spectra  for  five  successive  shote. 

The  results  shown  in  figure  5  were  made  for  the  full 
180  cm  interaction  length  z.  Figure  6  illustrates 
how  the  magnitude  of  chirping  varies  with  inter¬ 
action  iength  z.  It  is  seen  to  be  roughiy  iinear  with 
distance  and  remains  so  irrespective  of  whether  the 
measurements  are  made  in  the  smail  signai  regime 
(z<  120cm)  or  in  the  nonlinear  saturated  regime 
(z  >  120  cm). 

Since  the  phase  A<^(t,z)  has  been  measured  at  dif¬ 
ferent  times,  t  during  the  pulse  and  at  different 
interaction  lengths  z,  we  can  readily  derive  the 
phase  shifts  as  function  of  z  averaged  over  the 
duration  of  the  puise.  The  resuits  are  illustrated  in 
figure  7  for  the  Reversed  Field  Regime,  together 
with  the  corresponding  power  measurements.  The 
curves  represent  simuiations  from  the  time  inde¬ 
pendent  WTDI  code.'^ 


Figure  4.  Typical  sinusoidal  curve  fit  to  determine  phase 
shift  at  a  given  time  during  the  RF  pulse. 

In  summary,  we  have  carried  out  what  we  believe 
are  the  first  spatio-temporal  measurements  of  fre¬ 
quency  Af(t,z)  and  phase  A<^(t,z)  in  a  pulsed  free 
electron  laser  amplifier.  Such  measurements  can 
provide  very  sensitive  tests  of  FEL  theory.  More¬ 
over,  they  may  also  prove  to  be  useful  in  future 
applications  of  free  electron  lasers  in  situations 
where  very  tight  control  of  frequency  and  phase  are 
demanded. 

Erratic  behavior  of  Af  may  also  be  used  as  a  signa¬ 
ture  of  unstable  FEL  operation.  To  test  this  notion 
we  have  studied  chirping  at  the  "antiresonance" 
(see  figure  2).  Figure  8  (top)  illustrates  the  lack  of 
reproducibility  of  Af  on  a  series  of  successive  shots. 
This  is  to  be  compared  with  the  gc^  reproducibility 
shown  in  figure  8  (bottom)  taken  in  a  FEL  param¬ 
eter  range  slightly  removed  from  the  precise  posi¬ 
tion  of  the  antiresonance.  We  note  that  such 
measurements  are  not  possible  at  gyroresonance 
because  here  the  instability  is  so  strong  that  it 
drives  the  electrons  into  the  waveguide  walls. 


12  Q.  Zhang,  G.  Shvets,  and  J.S.  Wurtele,  Theoretical  Study  of  Free-Eledron  Lasers  with  Reversed  Guide  Fieid,*  Nad.  kntr.  kMi. 
Phys.  Res.  A331: 472  (1993). 


235 


Chapter  1.  Plasma  Oynamics 


1— — — - - - - - - 

GROUPI 

1' 

too 

1 

• 

»•  • 

t 

.  • 

• 

• 

• 

- - - 

Ghoupn 

w 

1: 

• 

i 

D 

. . 

®  o  • 

•  • 

TIME  (tlMC) 


NTEItaCT10NI.ENSrHtM 


TMEOmc) 

Figure  5.  FEL  phase  shift  at  discrete  times  during  the 
RF  pulse  (z  -  180  cm). 
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Figure  6.  Frequency  chirping  as  a  function  of  interaction 
length.  In  Group  I  the  maximum  observed  upshift,  df/dz 
«  50  MHz/mand  downshift  df/dz  •i  -  32  MHz/m.  In  Group 


II  the  upshift,  time  averaged  over  the  pulse,  df/dz  «  10 
MHz/m.  In  the  Reversed  Field  Regime  the  time  average 
upshift  df/dz  -  8  MHz/m. 
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FIgura  7.  RF  power  and  time  averaged  FEL  phase 
change  over  the  duration  of  the  pulse  as  a  function  of 
interaction  length,  in  the  Reversed  Reid  Regime. 


1.2  Plasma  Wave  Interactions— RF 
Heating  and  Current  Generation 


1.2.1  introduction 
Sponsors 

National  Aeronautics  and  Space  Administration 
Grant  NAGW-2048 
National  Science  Foundation 
Grant  ECS  88-22475 
U.S.  Department  of  Energy 
Grant  DE-FG02-91-ER-54109 

Project  Staff 

Professor  Abraham  Bars,  Dr.  Abhay  K.  Ram,  Dr. 
Carson  C.  Chow,  Dr.  Vladimir  Fuchs,  Kai  P.  Chan, 
Steven  D.  Schultz,  Luigi  Vacca 


FIgura  8.  Chirping,  showing  erratic  behavior  at  antireso- 
nance  (B,->6.54kG)  and  consistent  behavior  sli^tly 
removed  from  antiresonanoe  (B,  -  -  7.36  kG).  See  figure 


The  research  of  this  group  is  concerned  with 
studies  on  the  electrodynamics  of  plasmas.  Atten¬ 
tion  is  directed  toward  understanding  the  nonlinear 
dynamics  of  plasmas  driven  by  high-frequency  elec¬ 
tromagnetic  fields  (as  in  RF  heating  and  current 
drive  of  magnetically  confined  plasmas,  or  in  laser- 
plasma  interactions),  and  the  generation  and  propa¬ 
gation  of  unstable  radiations  from  laser-plasma 
interactions  and  anisotropic  electron  distributons  in 
space  and  astrophysical  plasmas. 

In  the  following,  we  report  on  our  continuing  study 
of  the  synergistic  enhancement  of  current  drive  effi¬ 
ciency  with  the  use  of  multiple  types  of  waves.  We 
also  report  on  further  progress  in  understanding 
web-chaos  induced  by  waves  on  ion-orbit  dynamics 
that  can  lead  to  direct  ion  heating.  The  third  report 
concerns  further  studies  of  an  anomatous  electron 
transport  phenomenon  we  discovered  a  few  years 
ago:  stochastic  streamers  in  electron  guiding 
center  dynamics  interacting  with  electrostatic 
waves.  The  last  report  gives  our  initial  results  on 
arriving  at  a  description  of  transport  in  intense  ion- 
cyclotron  heating  of  a  high-temperature  tokamak 
plasma. 


237 


Chapter  1.  Plasma  Dynamics 


1.2.2  Lower  Hybrid  Current  Drive  In  the 
Preeence  of  Wavee  in  the  Ion  Cyclotron 
Range  of  Frequenciee 

Sponsor 

U.S.  Department  of  Energy 
Grant  OE-FG02-91-ER-54109 

In  the  previous  RLE  Progress  Report,'^  wo  dis¬ 
cussed  some  recent  experiments  on  the  Joint  Euro¬ 
pean  Tokamak  (JET)  where  it  was  observed  that 
the  lower  hybrid  (LH)  current  drive  (CO)  efficient^ 
was  significantly  enhanced  when  the  lower  hybrid 
current  drive  (LHCD)  waves  were  launched  in  the 
presence  of  waves  in  the  ion  cyclotron  range  of 
frequncies  (ICRF). 

The  initial  ICRF  power  is  carried  from  the  antenna 
into  the  center  of  the  plasma  by  fast  Alfvdn  waves 
(FAW).  Our  previous  calculations  have  shown  that 
the  FAW  diffusion  coefficient  is  very  smail  com¬ 
pared  to  the  LH  diffusion  coefficient  so  that  the 
FAW  could  not  significantly  modify  the  electron  dis¬ 
tribution  function  and  enhance  the  CD  efficiency. 
However,  the  conditions  for  which  the  CD  effideni^ 
was  observed  to  be  enhanced  allowed  some  of  the 
input  ICRF  power  to  be  mode  converted  to  ion- 
Bernstein  waves  (IBW).  The  mode  conversion 
occurs  at  ion  resonance  layers  located  inside  the 
plasma  and  the  IBWs  then  propagate  away  from 
these  resonance  layers  towards  the  high  magnetic 
field.'*  The  mode  conversion  is  most  efficient  for 
small  k|'s  (kg  is  the  component  of  the  total  wave 
vector  along  the  toroidal  magnetic  field).  The 
power  mode  converted  to  IBWs  depends  on  the 
concentration  of  the  minority  ion  species  in  a 
plasma.  Mode  conversion  calculations'^  show  that, 
for  JET-type  parameters  with  a  hydrogen  minority  in 
a  deuterium  plasma,  less  than  25  percent  of  the 
incident  FAW  power,  depending  on  the  minority 
concentration  77  -  nH/n«.  is  mode  converted  to  IBWs: 


1  Table  1.  Mode  conversion  coefficient  C  versus  I 

r}  for  kg  - 

1  m-' 

_ 

n 

0.1 

0.05 

Ksm 

C(%) 

0.1 

2.5 

12 

25 

The  mode  conversion  coefficient  C  decreases  with 
increasing  minority  concentration  t),  with  increasing 
kg,  and  increasing  minority  temperature: 


Table  2.  C(%)  as  a  function  of  minority  temper¬ 
ature  and  1^  for  r)  -  0.02 

T„(keV) 

4 

7 

10 

20 

C  (kg  - 1  m-») 

13.4 

10.8 

8.8 

4.5 

C(kg-4m-') 

3.6 

1.7 

1.0 

0.3 

Since  low  kgS  undergo  mode  conversion  more 
effectively,  a  significant  portion  of  the  IBW  power 
spectmm  is  at  values  of  Ug  that  lie  above  the  LH 
spectrum.  The  number  of  electrons  resonant  with 
these  IBWs  is  negligibly  small  at  such  high  parallel 
(to  the  total  magnetic  field)  phase  velocities  of  the 
waves.  Thus,  the  IBWs  cannot,  initially,  interact 
with  the  electron  distribution  function.  The  IBW 
spectrum  also  cannot  interact  with  the  ion  distribu¬ 
tion  function  as  the  mode  conversion  point  is  suffi¬ 
ciently  far  away  from  the  ion  cyclotron  resonance. 
However,  as  the  IBWs  propagate  away  from  the 
mode  conversion  region,  toroidal  effects  upshift  the 
Ikgl's  so  that  eventually  the  IBW  spectrum  can 
interact  with  the  electron  distribution  function  and,  in 
particular,  with  the  energetic  electron  tail  pulled  out 
by  the  LHWs. 

As  shown  in  our  previous  RLE  report,'*  the  CD  effi¬ 
ciency  is  determined  by  solving  the  Fokker-Planck 
equation  for  the  flux-surface  averaged  electron  dis¬ 
tribution  with  the  wave-electron  interaction  being 
described  by  the  appropriate  diffusion  coefficient. 
For  typical  JET-type  parameters,  we  find  that:'^ 


13  RLE  Progress  Report  No.  13S,  MIT,  1993,  pp.  186-189. 

14  A.K.  Ram  and  A.  Bars,  'Propagation  and  Damping  of  Mode-Corrverted  ion-Bamstein  Wavas  in  Toroidai  Piasmas,*  Phys.  FkMs  B3: 
1059  (1991). 

15  V.  Fuchs  and  A.  Bars,  'Dissipativs  Mode  Coupling  In  lon-Cydotron  Rasonanoa  Minority  Heating,*  Pfiys.  PtuUsSt:  3702  (1986). 

16  RLE  Progress  Report  No.  135,  MIT,  1993,  pp.  186-169. 

17  A.K.  Ram,  A.  Bars,  and  V.  Fuchs,  ‘Interaction  of  ion-Bamstein  Wavas  with  Lower  Hybrid  Generated  Supralharmal  Eiaclrons,'  BuH. 
Am.  Phys.  Soc.  38:  2108  (1993);  A.K.  Ram,  A.  Bars,  and  V.  Fuchs,  'Lower  Hybrid  Currant  Drive  in  the  Presence  of  Ion  Cyclotron 
Waves,'  ProceerSngs  of  the  20th  EPS  Conference  on  Controlled  Fusion  and  Plasma  Physics,  Lisbon,  Portugal,  July  26-30,  1993, 
Vol.  Ill,  pp.  897-900;  MIT  Plasma  Fusion  Center  Report  PFC/JA-93-6, 1993;  A.K.  Ram,  A.  Bers,  V.  Fuchs,  and  R.W.  Hanrey,  'Inter¬ 
action  of  ICRF  Waves  with  Lower  Hybrid  Driven  Suprathermal  Electrons,*  ProceerBngs  of  the  10th  Topical  Conference  on  Radio 


238  RLE  Progress  Report  Number  136 


Chaptor  1.  Plasma  Dynamics 


dFAW 

dLHW 


1  /uFAW„  »2 
-4  (kx  P«) 


2 


”^LHW 

"iCRF 


<<1 


(1) 


Where  p,  is  the  electron  Larmor  radius.  Equation 
(1)  shows  that  the  FAW  diffusion  coefficient  is  very 
small  compared  to  the  LHW  diffusion  coefficient. 
pointed  out  before,'*  the  FAW,  due  to  its  small  dif¬ 
fusion  coefficient,  cannot  by  itself  account  for  the 
enhancement  in  the  CD  efficiency. 

The  IBW  diffusion  coefficient  does  not  lend  itself  to 
a  simple  analytical  form.  We  can  express  the  IBW 
diffusion  coefficient'*  as  D'®**  -  where 

DIP'  is  referred  to  as  the  "form  factor."  In  figure  9, 
we  show  cDIP'  (where  c  is  the  speed  of  light)  as  a 
function  of  the  magnetic  field.  We  find  that  Df''* 
increases  with  increasing  magnetic  field  and,  for  a 
fixed  magnetic  field,  D|P^  decreases  with  the  elec¬ 
tron  temperature.  Thus,  IBWs  have  to  propagate 


away  from  the  mode  conversion  region  before  the 
corresponding  diffusion  coeffident  becomes  large. 
Also,  as  the  electron  temperature  increases,  the 
IBWs  have  to  propagate  even  farther  in  order  to 
enhance  the  diffusion  coefficient.  Figure  10  shows 
the  electron  distribution  function  in  the  p^enoe  of 
LHWs  alone  and  in  combination  with  IBWs.  For 
illustrative  purposes,  we  have  assumed  that 
D^/(DcO,)  -  20  and  D^/(DeO.)  -  10  (0,  is  the 
electron  thermal  velocity,  De  -  miuiv,  m,  is  the 
electron  mass,  and  v  is  the  bulk  electron-electron 
collision  frequency).  Figure  10  dearly  shows  that 
IBWs  push  electrons  to  higher  momenta  than  for 
LWHs  alone.  In  the  case  of  LHWs  alone,  the  cal¬ 
culated  current  drive  efficiency  is  O.SSA/W-m^, 
while  in  the  presence  of  IBWs,  the  current  drive  effi¬ 
ciency  is  found  to  increase  to  0.52A/W-m*.  Thus, 
IBWs  can  significantly  stretdi  out  the  energetic 
electron  distribution  function  and  enhance  CD  effi¬ 
ciency. 


Figure  9.  The  IBW  form  factor  (times  the  speed  of  light),  cDf",  as  a  function  of  the  magnetic  field.  Bo.  The  curves  are 
for  three  different  plasma  temperatures  of  4,  7,  and  10  keV.  The  plasma  is  a  hydrogen  minority  in  a  deuterium  plasma 
with  t]  -  0.03.  The  electron  density  is  2  x  10”cm-®,clVruiciw  -  1.1.  and  the  ICRF  frequency  is  48  MHz.  The  form 
factor  is  shown  for  tail  electrons  with  p^  -  0. 


Frequency  Power  in  Plasmas,  Boston,  Massachusetts,  April  1-3, 1993,  A.I.P.  Conf.  Proc.  289,  eds.  M.  Portolab  and  J.  Hosea,  (New 
York:  American  Institute  of  Physics,  1994),  p.  293;  MIT  Plasma  Fusion  Center  Report  PFC/JA-93-4, 1993. 
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^ura  10.  The  parallel  <to  the  magnetic  field)  electron  distribution  function  versus  normalized  parallel  momentum 
(Pi)-  (P>  ~  1  corresponds  to  an  electron  energy  of  1  MeV.)  The  plasma  is  a  hydrogen  minority  in  a  deuterium  plasma 
with  ^  -  0.03.  The  electron  density  is  2  x  10’*  cm-*,  the  magnetic  field  is  3.7  Tesla,  the  temperature  of  the  electrons 
and  ions  is  4  keV,  the  LHW  frequency  is  3.7  GHz,  and  the  ICRF  frequency  is  48  MHz.  The  smalt  dashed  box  (with  the 
right  inclined  lines)  is  the  parallel  momentum  extent  of  the  LHW  spectrum  while  the  two  larger  dashed  boxes  (with  the 
left  inclined  lines)  give  the  parallel  momentum  extent  of  the  IBW  spec^m.  The  IBW  spectmm  is  symmetric  because  the 
launched  ICRF  spectrum  is  symmetric  in  k|.  The  narrow  (in  Pi)  inside  curve  is  the  distribution  function  due  to  LHWs 
only;  while  the  broader  outside  curve  is  due  to  the  combination  of  LHWs  and  IBWs. 


In  our  previous  calculations,  we  have  estimated 
DjT*  for  the  IBW  in  a  very  approximate  way.  In 
order  to  explain  the  JET  results,  we  need  a  good 
estimate  of  D^.  For  this,  we  have  begun  to  do  ray 
tracing  of  the  IBWs’*  in  order  to  determine  the  flux- 
surface  averaged  diffusion  coefficient  along  ttie 
rays. 


1.2.3  Rxed  Points  in  Near  Resonance 
Chaotic  Webs 

Sponsor 

National  Science  Foundation 
Grant  ECS  88-22475 

This  is  a  continuing  study  on  which  we  first  reported 
in  last  year's  RLE  Progress  Report  No.  135  (pp. 
184-186).  Its  aim  is  to  arrive  at  understanding 
wave  induced  chaos  in  ion  dynamics  in  a  magnetic 
field.  The  electrostatic  wave  is  assumed  to  propa¬ 
gate  across  the  magnetic  field,  and  its  frequency 
can  be  either  very  near  an  ion-cyclotron  harmonic 
or  in-between  two  ion-cyclotron  harmonics.  The 
basic  equations  were  given  in  last  year's  report. 


’8  A.K.  Ram  and  A.  Bere,  P/iys.  Fluids  B3: 1059  (1991). 


240  RLE  Progress  Report  Number  136 


Ch^^tor  1.  Plasina  Dynamics 


Here,  we  report  on  the  motion  of  first-order  fixed 
points  as  the  frequency  is  changing  from  on  reso¬ 
nance  to  off  resonance. 


We  isolate  the  m-th  harmonic  term  from  the 
Hamiltionian  to  obtain  H  -  +  <xHi.  where 


Ho(T.4»)  -  (a)om-1)T  +  aJm 


C06<f> 


(1) 


and 


(2) 


Corresponding  to  (1),  the  equations  of  motion  are; 


d»  aHp 

“  aT 


I  cos  0 

Vaeool  V  "0  ) 

The  positions  of  the  first  order  islands  and 
separatrices  are  given  by  the  elliptic  and  hyberboiic 
fixed  points,  respectiveiy.  To  solve  for  the  fixed 

hT  dd> 

points,  we  set  both  and  to  zero.  After 

OT  OT 

rearranging  terms,  we  find 


The  set  of  elliptic  fixed  points  are  given  by 
sin  ^  -  0  and  hyperbolic  fixed  points  by 


0.  When  we  are  exactly  on  reso¬ 


nance,  we  have  cuom  -  1  and  the  RHS  of  equation 
(5)  becomes  zero.  The  elliptic  fixed  points  aixl  the 
h^rbolic  fixed  points  form  a  checkered  pattern, 
shown  in  figure  1 1 . 


30 

2S 

20 
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®  0  1  2  3  ♦  3  6 

figure  11.  Rxed  points  with  1/ru«  -  5,  a  -  0.01.  x  -  hyperboiic  fixed  points;  o  -  eiiiptic  fixed  points. 
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When  1/<Uo  moves  away  from  resonance,  say 
1/<Uo  m+5  (S  small),  the  elliptic  fixed  points  move 

in  a  vertical  path,  and  the  hypertx)lic  fixed  points 
move  in  a  roughly  horizontal  path.  The  result  of 
this  movement  is  that  pairs  of  elliptic  points  and 
pairs  of  hyperbolic  points  group  together  into  clus¬ 
ters  of  four.  As  1/cuo  departs  more  and  more  from 
resonance,  the  two  pairs  of  fixed  points  get  closer 
together  until  they  meet  and  annihilate  each  other. 

Fixed  points  with  iarge  I  move  faster  and  are  anni¬ 
hilated  sooner.  This  is  iliustrated  in  figure  12. 

The  Hamiitonian  Ho(l,0)  does  not  display  chaos. 
Instead  chaos  arises  from  the  perturbation 

(xHi(l,  (p,  t).  Our  interest  is  in  the  evolution  of 
chaos  along  the  web  when  a,  the  magnitude  of  the 
wave,  increases.  However,  when  increasing  a,  we 
not  oniy  change  the  width  of  the  web,  but  also 
change  the  position  of  the  fixed  points.  Since  the 
fixed  points  define  the  position  of  the  primary 
isiands  and  separatrices,  changing  them  will  also 


change  the  separatrices  along  which  the  web 
evolves.  Hence  It  becomes  difficult  to  study  the 

effects  of  (xHi(l,  ip.  r)  because  they  are  obscured 

changes  in  Ho(i,  0)  (compare  figure  13  with 
figure  14). 

To  remedy  this  difficulty,  we  notice  from  the  RHS  of 
equation  (5)  that  the  positions  of  fixed  points 
depend  on  the  parameter; 


n 


(l-coom) 

at 


a 


6_ 

a 


(6) 


Hence  virhen  we  increase  a,  we  can  also  increase 
5  to  keep  rj  constant  and  thereby  keep  the  fixed 
points  in  place.  This  will  minimize  (although  not 

eliminate)  the  changes  in  K)(l,  <P)  so  that  the  onset 
of  chaos  due  to  the  perturbation  will  be  more 
evident  (compare  figure  13  with  figure  15).  Work 
along  these  lines  is  continuing. 
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Figure  13.  Particle  orbits  (I  against  tp)  with  l/euo  -  5.02,  a  -  0.01. 


Figure  14.  Particle  orbits  (I  against  fp)  with  1/eoo  -  5.02.  a  -  0.05. 
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Flgiva  15.  Particie  orbits  (I  against  <//)  with  1/cuo  -  5.10,  a  -  0.05. 


1.2.4  Anomalous  Electron  Guiding  Center 
Streaming  Due  to  Waves 

Sponsors 

Magnetic  Fusion  Science  Feiiowship  Program 
National  Science  Foundation 
Grant  ECS  88-22475 
U.S.  Department  of  Energy 
Grant  DE-FG02-91-ER-54109 

The  motion  of  circulating  electrons  in  a  tokamak 
interacting  with  a  discrete  spectrum  of  waves  is 
given  by  a  Hamiltonian  formuation  in  the  guiding 
center  limit  and  studied  by  numerical  integration. 

Recent  work  by  Kupfer^*  on  the  chaotic  electron 
dynamics  induced  by  electrostatic  waves  demon¬ 
strated  that  an  electron,  on  a  flux  surface  with 
rational  safety  factor  q,  which  is  in  resonance  with 
two  waves  with  identical  parallel  phase  velocity  can 


have  a  "streaming"  motion  perpendicular  to  the 
magnetic  field.  Theoretical  analysis  of  this  problem 
is  complicated  by  the  necessity  of  visualizing 
dynamics  in  a  four-dimensional  phase  space 
including  both  parallel  and  radial  motion. 

We  use  a  Hamiltonian  description  of  the  electron 
guiding  center  motion"  that  was  derived  by  making 
use  of  several  previous  guiding  center  theories.^' 
The  model  is  based  on  a  tokamak  with  an  MHD 
equilibrium  in  the  low-beta  limit,  and  a  low  inverse- 
aspect  ratio  c  -  r/R.  The  electron  is  assumed  cir¬ 
culating,  with  an  orbit  which  remains  near  its  initial 
flux  surface.  A  small  magnetic  field  shear  can  also 
be  included  in  this  tokamak  geometry.  The  phase 
space  for  the  guiding  center  motion  is  reduced  to 
four  dimensions  by  gyroaveraging  and  by  assuming 
that  the  magnetic  moment  p  is  a  constant:  this 
requires  that  our  study  be  restricted  to  waves  in  the 
tow-frequency,  long-wavelength  limit.  The  deriva¬ 
tion  gives  two  sets  of  canonical  coordinates  for  the 


K.  Kupfer,  A.  Bers,  and  A.K.  Ram,  in  'Research  Trends  in  Physics:  Nonlinear  and  Relativistic  Effects  in  Plasmas,*  ed.  V.  Stefan, 
(New  York:  Amer.  Inst,  of  Phys.,  1992),  pp.  670-71 S;  K.  Kupfer,  Dynanrical  Chaos  and  Transport  Induced  by  Waves  in  Plasmas, 
Ph.D.  dies..  Dept.  Nuc.  Eng.,  MIT,  1991. 

20  K.  Kupfer,  Dynamical  Chaos  and  Transport  Induced  by  Waves  In  Plasmas,  Ph.D.  diss..  Dept.  Nuc.  Eng.,  MIT,  1991 . 

21  R.G.  Littleiohn,  *Varialional  Principles  of  Guiding  Centre  Motion,'  J.  Plasma  Phys.  29:  111  (1983);  J.R.  Cary  and  R.G.  UtUejohn, 
'Noncanonical  Hamiltonian  Mechanics  and  Its  Application  to  Magnetic  Field  Line  Flow,*  Annals  of  Physics  151(1):  1  (1983);  J.D. 
Meiss  arKf  R.D.  Hazeltine,  'Canonical  Coordinates  for  Guiding  Center  Particles,*  Phys.  Fluids  B  2: 2563  (1990). 
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guiding  center,  (zi,  pi)  and  (Z2,  P2).  In  terms  of  the 
familiar  guiding  center  position  ((//,  6,  <t>)  and  par- 
atlei  velocity  V|,  and  omitting  correction  terms  of 
order  e,  we  find: 

p^  «•  mRoU|| 


Z2-<#)-qo0  Pz-ettf  (1) 

Here  qo  is  the  safety  factor.  The  Hamiltonian  in  the 
absence  of  wave  perturbations  is 

Ho - ^-lP?+^P1l4l  +  f^Bo.  (2) 

2meRo 

Here  we  have  included  shear  in  the  form  of 

So  ■  .  which  is  assumed  to  be  small. 

Qo  d  (If 

Drifts  are  accounted  for  in  the  order-e  corrections  of 
(Zi,  Pi,  Z2,  P2),  which  are  not  given  here. 

The  simplest  perturbation  to  this  Hamiltonian  is  an 
electrostatic  field,  in  the  form  of  a  few  discrete 
plane  waves  with  identical  frequency,  whose  poten¬ 
tial  is  given  by: 

cos(n^+mfl+k^t^-a)t)  (3) 
n,m 

where  n  and  m  are  mode  numbers.  For  a  given 
frequency,  Iv  is  found  using  the  dispersion  relation, 
e.g.,  appropriate  to  lower-hybrid  waves.  Using  the 
approximate  relations  given  in  equation  (1),  we 
obtain 

n,in 

with  ki  -  n+(m/qo)  and  k2  -  -(m/qo).  The  dynamics 
of  interest  occur  when  the  safety  factor  qo  is  a 
rational  number,  which  makes  the  perturbation  peri¬ 
odic  in  Zi  and  Zz  and  allows  us  to  choose  different 
integers  n,m  giving  the  same  value  of  the  parallel 
mode  number  ki  but  different  values  of  ko  and  1^. 


The  electron  Is  in  resonance  with  a  wave  when 
d(kiZi+k2Z2-t4<o,P2-cut)/dt  «  0.  The  unperturbed 

Hamiltonian  gives  Zi  -  (m,R8)-'Pi  and  the  other 
three  coordinates  constant,  so  resonance  occurs  for 
Pi  -  (m,Rg)(a>/ki). 

The  ^uations  of  motion  derived  from  the  perturbed 
Hamiltonian  were  used  to  numerically  integrate  the 
motion  Zi(t),  pi(t),  Z2(t),  P2(t).  We  select  units  so  that 
m,,  e,  Ro,  and  o)  are  all  unity.  The  safety  factor  is 
chraen  to  be  qo  -  2.  To  reproduce  the  radial 
streaming  observed  by  Kupfer,^^  we  choose  four 
electrostatic  modes  with  mode  numbers  (n,m)  - 
(1,1)(1,2)(2,0)(2,2);  in  the  new  coordinates  (ki,  ko)  > 
(3/2,-1/2)(2,-1)(2,0)(3,-1).  This  case  is  degenerate: 
two  modes  have  the  same  parallel  mode  number 
ki  -  2  with  different  values  of  k2  and  K*,.  The  reso¬ 
nance  condition  in  simplified  units  is  pi  -  l/ki,  so 
that  the  resonance  surfaces  in  phase  space  are  at 
Pi  -  2/3, 1/2,  and  1/3.  The  amplitude  of  each  wave 
Is  the  same  and  was  chosen  so  that  the  separatrix 
layers  for  these  three  waves  barely  overlap,  which 
creates  a  stochastic  layer  around  all  three  of  the 
resonance  surfaces  in  (Zi,pi)  phase  space.  The 
initial  condKion  of  the  coordinates  is  chosen  to  lie  in 
this  resonance  region.  The  figures  describe  the 
motion  observed  for  two  cases  with  different  initial 
conditions  in  (Z2,  P2).  The  two  points  are  started  on 
the  same  flux  surface  (p2o<-0)  but  at  different 
poloidal  angles  separated  by  -  n/2  (z»  -  0,  tt). 

Figure  16  shows  the  time  series  pi(t)  (which  corre¬ 
sponds  to  parallel  velocity)  for  these  two  cases.  In 
the  Z20  -  0  case,  pi  is  observed  to  fluctuate  rapidly 
throughout  the  resonance  region,  spending  a 
roughly  equal  amount  of  time  near  each  of  the 
three  resonances.  However,  in  the  Zm  -  n  case, 
the  electron  quickly  moves  into  an  orbit  close  to  the 
Pi  -  1/2  resonance,  which  is  degenerate,  and  stays 
there.  Figure  17  shows  the  time  series  P2(t)  (corre¬ 
sponding  to  the  flux  coordinate)  in  the  two  cases. 
In  the  first  case,  motion  In  the  P2  direction  is  wildly 
fluctuating,  but  with  occasional  periods  of  directed, 
non-chaotic  motion.  Over  long  times,  these  periods 
of  streaming  add  up  to  a  slow  drift  in  the  radial 
direction.  In  the  second  case,  this  streaming 
motion  is  nearly  continuous,  and  the  rapid  fluctu¬ 
ations  are  no  longer  visible  on  this  scale,  which  is 
more  than  an  order  of  magnitude  larger  than  on  the 
previous  figure. 


22  K.  Kupfer,  Dynamical  Chaos  and  Transport  Induced  by  Waves  In  Plasmas,  Ph.D.  diss.,  Dept.  Nuc.  Eng.,  MIT,  1991. 
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FIgura  16.  (left)  pi  versus  t  (in  o)-');  Zh-0.  (right)  pi  versus  t  (in  or*);  Zm-tt. 


The  electron  streaming  appears  to  be  related  to  the 
patterns  of  constructive  and  destructive  interference 
of  the  two  degenerate  waves.  Let  us  explidtiy  add 
two  such  waves: 

4>o  cos(kiZi  +  +  NpaPz  - 1) 


+  4>o  cos(ki2i  +  kabZg  +  k^  - 1)  (5) 


-  24»oCOS(Ak222+AkyP2)  COS(ki2,+k222+k^P2-t), 

;^ere  k2  -  (ka.  kai)/2,  Akg  -  (k^  >  ka>)/2, 

kin  and  Ak^  -  (k^-k4«)/2.  it  is 

easy  to  show  with  equation  (5)  that 
Zjo  -  Tf,  pao  -  0  is  a  point  where  the  de^nerate 
waves  interfere  destructively.  For  an  electron  at 
this  point,  the  ki  -  2  waves  appear  to  vanish,  and 
the  regions  of  phase  space  affected  by  the 
remaining  waves  no  longer  overlap. 


We  would  like  to  see  how  this  interference  pattern 
affects  the  phase  space  of  the  guiding  center 
motion.  Unfortunately,  a  surface  of  section  in  this 
phase  space  is  given  by  a  four-dimensional 
mapping,  which  is  impossible  to  visualize.  But  if  a 
canonical  transformation  can  be  found  so  that  two 
of  the  four  phase  space  variabies  are  nearly  con¬ 
stants  of  the  motion,  a  plot  of  this  mapping  in  the 
phase  plane  of  the  other  two  coordinates  is  an 
approximate  surface  of  section.  The  details  of  the 
canonical  transfonnation  giving  this  approximate 
surface  of  section  are  under  investigation.  This  is 
expected  to  reveal  that  there  are  quantities  which 
are  very  nearly  consenred  by  the  streaming  motion. 

We  are  currently  working  on  a  similar  phase-space 
analysis  of  electron  guiding  center  motion  in  elec¬ 
tromagnetic  waves,  for  example  fast  Alfv6n  waves. 
This  problem  is  complicated  by  the  fact  that  ttie 
canonical  phase-space  coordinates  are  shifted 
when  a  magnetic  potential  is  added  to  this  analysis. 
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Figure  17.  (left)  P2  versus  t  (in  z„  -  0.  (right)  pi  versus  t  (in  to-<);  Zm  -  rr. 


1.2.5  Resonant  Fast  Alfv6n  Wave-Particle 
interaction  in  a  Tokamak 

Sponsor 

U.S.  Department  of  Energy 
Grant  DE-FG02-91-ER-54109 

Ion  heating  in  a  tokamak  by  fast  Alfv4n  wave  fields 
has  been  the  subject  of  numerous  investigations 
both  analytical  and  numerical.  In  particular,  these 
studies  have  led  to  a  description  of  the  ion  distribu¬ 
tion  function  in  the  presence  of  such  fields  by 
Fokker-Planck  equations  in  velocity  space.*^ 
However,  such  Fokker-Planck  equations  do  not 
include  the  induced  transport  due  to  the  fields.  For 
intense  heating  of  tokamak  plasmas,  it  is  important 
to  evaiuate  the  spatial  transport  that  may  accom¬ 
pany  such  heating.  We  have  initiated  such  a  study. 

Several  simplifying  assumptions  are  usually  made 
in  order  to  describe  the  field-induced  diffusion  in 
velocity  space.  The  most  serious  ones  are  the 
neglect  of  finite  banana  widths  and  spatial  diffusion 
induced  directly  by  the  wave.  Changes  in  parallel 
velocity  due  to  Doppler-shifted  cyclotron  reso¬ 
nances  are  responsible  for  spatial  transport  due  to 
fields.  This  is  immediately  seen  for  trapped  parti¬ 
cles  once  one  considers  the  change  in  toroidal 
angular  momentum  due  to  parallel  velocity 
changes.  This  effect  is  mostly  relevant  at  the  mag¬ 
netic  axis  of  h  tokamak.  In  order  to  study  these 


effects  one  has  to  estimate  the  changes  in  space 
and  velocity  that  an  ion  undergoes  through  reso¬ 
nance. 

We  have  studied  resonance  interactions  using 
Hamiltonian  formalism  in  a  perturbative  way.^*  We 
assume  a  small  wave  amplitude  with  respect  to  the 
equilibrium  field;  this  allows  us  to  write  a  Hamil¬ 
tonian  of  the  following  form; 

H-Hq  +  AHi  (1) 

where  A  is  a  parameter  that  accounts  for  the 

smallness  of  the  wave  amplitude.  The  leading 
order  Hamiltonian  is  the  usual  guiding  center  Hamil¬ 
tonian: 

Ho-ymoJ+AiB  (2) 

The  wave-particle  resonance  is  contained  in  Hi. 
The  perturbed  Hamiltonian  is  Fourier-decomposed 
as  follows: 

Hi  -  (3) 

k 

where 

-  NC+M0-kj^r-a)t+^+a+Tr/2  (4) 


23  G.  Kerbel  and  M.  McCoy,  ’Kinetic  Theory  and  Simulation  of  Muitispecies  Plasmas  In  Tokamaks  Excited  with  0ectromagnetic  Waves 
in  the  lon-Cydotron  Range  of  Frequencies,’  Phys.  Fluids  28;  3629  (1985);  P.J.  Catto  and  J.R.  Myra,  ’A  Quasillnear  Description  for 
Fast-Wave  Minority  Heating  Permitting  OFF-Magnetic  Axis  Heating  in  a  Tokamak,"  Phys.  Fluids  S  4: 187  (1992). 

24  c.  GrebogI,  A.N.  Kaufman,  and  R.  Littlejohn,  ’Hamiltonian  Theory  of  Ponderomotive  Effects  of  an  Electromagnetic  Wave  in  a  Non- 
Uniform  Magnetic  Field,’  Phys.  Rev.  Lett.  43: 1668  (1979). 
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and 

Hik  -  lJoe-'“E^+J2e'“E_kl  (5) 

The  equations  of  motion  due  only  to  wave  inter¬ 
action  in  a  tokamak  with  circular  flux  surfaces, 
where  the  unit  vector  in  the  direction  of  the  mag¬ 
netic  field  is  given  by  b(r)  -  f(r)ec  +  g(r)e0,  are; 


''t 


k 


f  (12) 


where  this  integral  has  to  be  evaluated  along  the 
unperturbed  orbit  in  the  resonance  region.  a 
|b  held  to  be  a  constant  and 
t  -  t/tb.  a)ib  -  cutb,  where  U  -  Ro/Ua,. 

Resonance  integrals  for  passing  partides  were 
evaluated  in  two  simple  cases:  without  Doppler- 
shift  and  with  Dopder-shift  for  an  asymmetric 
monochromatic  wave.  For  a  resonance  without 
Doppler-shift  the  resonant  point  is  given  by  the 
coordinates  that  satisfy  a>  -  qB/m. 

The  resonant  Integral  at  leeding  order  is  easily  eval¬ 
uated: 


When  we  include  the  Doppler-shift  for  a 
monochromatic  wave  we  obtain  for  the  resonance 
condition: 


The  wave-particle  interaction  is  localized  in  space 
so  that  the  change  in  the  guiding  center  variables 
can  be  evaluated  by  integrating  equations  (6)  -  (9) 
in  the  vicinity  of  the  resonance  region.  Outside  this 
region,  the  particle  is  essentially  unperturbed  by  the 
wave.  The  wave-particle  resonance  condition  is 
given  by:  d(//i(k)/dt  >  0.  Thus,  the  change  in 
guiding  center  variables  is: 

AA  -  j  2Aike‘'^’^''^dt  (10) 

res  ^ 

where  A  represents  any  guiding  center  phase  vari¬ 
able.  Using  the  stationary  phase  approximation: 


I  ^ 


(£Ott,-COcb)-yJ 


a- A  JL  ^  X  -  0  (14) 


llih  Ro  9 


gh  Ro 


where  h  -  U  cos  d  and  x  -  r/a.  The  reso- 
Ho 

nance  integral  can  be  evaluated  asymptotically: 


i’[ 


a  X  1  .-<(</ 
Ro  9  ‘'llih 


iTT/4 


(15) 


where 


(11) 


d^(p 

69^ 


(16) 


We  now  need  to  solve  for  the  phase  integral  in  the 
resonance  region. 

We  introduce  the  resonance  integral  defined  as 


tOcob 

ig 


1  ,  “^cob 

‘'nth  hgf2 


Future  work  will  include  the  evaluation  of  resonance 
integrals  for  trapped  particles  and  the  extension  to 
multichromatic  spectra. 
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1.3  Physics  of  Thermonuclear  Plasmas 

Sponsor 

U.S.  Department  of  Energy 

Contract  DE-FGO2-91ER-54109 

Project  Staff 

Professor  Bruno  Coppi,  Neer  R.  Asherie,  Franco 
Carpignano,  Dr.  Paolo  Detragiache,  David  H. 
Hijirida,  Dr.  Stefano  Migliuolo,  Dr.  Marco  Nassi, 
Hana  Ohkawa,  Gregory  E.  Penn,  Caterina  Riconda, 
Todd  H.  Rider,  Dr.  Barrett  Rogers,  Dr.  Linda  E. 
Sugiyama,  George  M.  Svolos 

As  our  primary  activity  in  this  research  program,  we 
study  the  theory  of  magnetically  confined  plasmas 
in  regimes  relevant  to  present-day  advanced  exper¬ 
iments  and  to  future  thermonuclear  devices.  In  the 
future,  these  devices  will  probably  ignite  the  plasma 
("thermonuclear  fuel")  within  toroidal  magnetic  con¬ 
finement  configurations  and  will  involve  either  first 
generation  fuels,  a  deuterium-tritium  mixture 
(Ignitor,  ITER),  or  more  advanced  fuels  such  as 
deuterium-deuterium  or  deuterium-helium  mixtures 
(Candor). 

The  Ignitor-Ult  machine  is  now  in  the  early  stages 
of  construction  in  Europe.  At  MIT,  the  Alcator 
C-MOD  experiment  has  recently  begun  operation. 
Alcator  C-MOD  combines  the  favorable  features  of 
an  elongated  plasma  cross  section  with  a  high 
magnetic  field  to  produce  high  plasma  currents. 
This  machine  is  in  fact  veiy  similar  to  Megator,  an 
experiment  we  proposed  in  the  early  1970s  as  a 
logical  continuation  of  the  Alcator  program. 

Currently,  our  research  program  follows  two  major 
avenues.  First,  we  are  studying  the  basic  physical 
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processes  of  thermonuclear  plasmas  (equilibrium, 
stability,  transport,  etc.)  as  they  apply  to  existing  or 
near-term  future  systems.  In  this  effort,  we  closely 
collaborate  with  our  experimentai  colleagues  and 
with  theorists  from  other  research  groups  (e.g., 
Columbia  University,  JET,  Phiiiips  Laboratory, 
Princeton  University,  University  of  Texas,  Lawrence 
Livermore  Nationai  Laboratories).  This  work  aiso 
invoives  time-dependent  simuiations  of  piasma  dis¬ 
charges  in  thu  Ignitor-Uit  experiment.  We  focus 
particuiar  attention  on  the  evoiution  of  spatiai  pro¬ 
xies  of  plasma  current  and  temperature.  Collab¬ 
oration  with  our  coiieagues  at  the  Ente  per  le 
Nuove  technologie  i'Energia  e  i'Ambiente  (E.N.E.A.) 
in  itaiy,  as  weii  as  inhouse  code  development,  plays 
a  major  role  in  this  endeavor. 

Second,  we  expiore  advanced  regimes  of 
thermonuclear  burning,  including  those  employing 
iow  neutron  yieid  fuels  (D-^He,  and  "catalyzed" 
D-D).  We  consider  both  the  design  of  machines 
that  wiil  contain  these  very  high  temperature 
piasmas  as  weii  as  the  physics  that  govern  their 
behavior.  Beiow,  we  discuss  some  of  the  saiient 
resuits  of  work  completed  or  presently  being  carried 
out  by  members  of  our  research  group. 


1.3.1  Hyper-Cyclotron  Emission  (HCE) 
Induced  by  Fusion  Reaction  Products 

We  have  proposed  a  theoretical  interpretation  and 
developed  the  relevant  analysis  for  the  radiation 
emission  above  the  cyclotron  frequency  of  the 
fusion  products  that  has  been  observed  in  well  con¬ 
fined  plasma  experiments^^  with  a  significant  popu¬ 
lation  of  fusion  reaction  products.  The  emission 
spectrum  typically  shows  distinct  peaks  at  multiples 
(p=1  to  7  in  the  case  of  the  Deuterium-Tritium 
plasma  experiments  carried  out  by  the  JET 
machine)  of  the  alpha  particle  cyclotrori  frequency 
fin.  The  frequency  values  suggest  that  the  emission 
is  coming  from  a  localized  region  at  the  outer  edge 
of  the  plasma  column.  For  pzS,  the  spectrum 
becomes  continuous,  while  beiow  w  -  Qa  some 
smaller  peaks  are  observed.  We  have  found  that  by 


considering  the  interaction  of  radially  localized 
compressional  Alfv6n  modes  with  anisotropic  (in 
velocity  space)  alpha  particle  distributions,  we  can 
explain  the  key  features  of  the  discrete  part  of  the 
sp^rum.  The  continuum  component  of  the  spec¬ 
trum  is  related  to  the  presence  of  magnetic  shear 
and  to  the  transition  from  compressional  Alfv6n 
modes  to  whistler  modes  that  occurs  as  the  ratio 
eu/fla  increases.  It  is  the  overlapping  of  a  class  of 
these  quasi-whistler  modes  that  is  proposed  to 
produce  the  continuum. 

We  have  investigated  the  radial  structure  of  the 
Alfv^n  mode  in  detail.  We  find  it  to  be  localized  in 
the  plasma  at  a  radius  which  agrees  with  the  exper¬ 
iment  results  (for  the  discrete  component  of  the 
spectrum)  obtained  by  the  JET  machine.”  Since  we 
are  assuming  the  plasma  to  be  cold,  we  use  the 
MHD  equations  with  the  addition  of  the  Hall  term  in 
Ohm's  law  to  stu(^  the  mode  structure  in  this  fre¬ 
quency  range.  This  work  has  been  performed  in  a 
cylindrical  geometry,^  and  will  be  extended  to  the 
toroidal  case  in  order  to  fully  understand  the 
poloidal  structure  of  the  mode. 

The  calculation  of  the  mode  structure  has  been 
carried  out  assuming  that  plasma  is  composed  of 
deuterium  and  tritium.  This  brings  out  the  essential 
features  of  the  problem,  but  neglects  the  effects  of 
impurity  ions.  As  the  impurities  are  typically  much 
heavier  than  the  bulk  plasma  ions,  they  introduce 
resonances  for  co  <  Qd  (the  cyclotron  frequency  of 
deuterium  »  Qd)  which  may  correspond  to  the 
smaller  peaks  measured  experimentally.  In  addition, 
they  introduce  a  significant  correction  to  the  Alfv^n 
speed.” 

We  have  explored  some  of  the  aspects  related  to 
the  linear  growth  rate,  Ya,  of  the  HCE  instability.  In 
particular,  it  is  the  perpendicular  velocity  gradient,” 
dijdvu  that  determines  whether  the  mode  is 
unstable  or  not.  Throughout  this  work  it  has  been 
assumed  that  the  background  plasma  is  cold. 
Although  this  is  a  good  assumption  for  the  elec¬ 
trons,  complications  arise  for  the  ions.  Energy  is 
transferred  from  the  alpha  particles  to  the  mode 


25  JET  Team,  'Fusion  Energy  Production  from  a  Deuterium-Tritium  Plasma  in  the  JET  Tokamak,'  Nud.  Fusion  32: 187  (1992). 

26  B.  Coppi,  'Origin  of  Radiation  Emission  Induced  by  Fusion  Reaction  Products,'  Phys.  Lett  A 172: 439  (1993). 

27  N.  Asherie,  B.  Coppi  and  C.  Riconda,  'Spatial  Structure  of  Ion  Cyclotron  Frequency  Modes  Driven  by  Fusion  Reactions,'  Bull.  Am. 
Phys.  Soc.  38:  2055  (1993). 

28  N.  Asherie  and  B.  Coppi,  Theoretical  Analysis  of  the  Emissions  at  the  Cydotron  Frequency  Harmonics  of  Fusion  Produced  Alpha 
Particles,'  Proceedings  of  the  Sherwood  Fusion  Theory  Conference,  1993,  paper  1C19. 

29  B.  Coppi  and  N.  Asherie,  Theoretical  Predictions  and  Experimental  Evidence  for  Emission  at  the  Cyclotron  Frequency  Hamranlcs  of 
Fusion  Produced  a-Particfes,'  Bull.  Am.  Phys.  Soc.  37:  1475  (1992). 
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which  then  transfers  its  energy  to  the  ions.  Eventu¬ 
ally  the  ions  have  enough  energy  so  that  tfierrrtai 
corrections  (e.g.,  resonance  broadening)  become 
important.  This  may  affect  the  growth  rate  in  a  sig¬ 
nificant  way.** 


1.3.2  Stabilization  of  External  MHD 
Instabilities 

An  obstacle  to  reaching  the  second  stability  regiorP* 
in  toroidai  magnetic  confinement  experiments  is  the 
possible  onset  of  ideal  MHD  external  modes  driven 
predominantly  by  the  current  density  gradient  near 
the  edge  of  the  plasma  column.  This  region  in 
parameter  space  is  one  where  the  piasma  is  stable 
against  pressure  gradient  driven  internal  MHD 
instabilities,  while  having  a  relatively  high  value  of 
Pp  m  Srrp/^.  A  recent  series  of  analyses^  have 
shown  that  these  regimes  correspond  to  equilibria 
with  plasma  currents  that  are  peaked  tow^  the 
outer  edge  of  the  torus  and  can  excite  macroscopic 
external  modes. 

By  considering  a  simple  cylindilcal  equilibrium  with 
magnetic  field  B(r)  s  ezBz  +  egBe  and 
P  -  Srrp/B^ o  el, B^/Bi- a/R o  e  1  we  begin  to 
explore  the  possible  self-healing  of  the  plasma  by 
diamagnetic  effects.  Since  the  external  modes  tend 
to  have  toroidal  mode  number,  n»1,  and  poloidai 
mode  number,  m  -  q«  (where  c|«  Is  the  value  of  the 
magnetic  winding  index,  q  -  r^RBe,  at  the  plasma 
edge)  and  proposed  second-stability  experiments 
will  operate  with  high  values  of  q.,  there  exists  the 
possibility  that  the  diamagnetic  frequency  of  the 
plasma,  cui  -  -  m(c/enBr)dpi/dr,  may  not  be  negli¬ 
gible  when  compared  to  the  growth  rate,  y,  of  the 
ideal  mode.  When  that  is  the  case,  the  so-called 
FLR  stabilization^^  by  cui  can  come  into  play. 

The  derivation  of  the  dispersion  relation,  the  rele¬ 
vant  boundary  conditions  and  related  work  can  be 
found  in  Coppi  et  al.^  Considering  the  simple  case 


of  a  piasma  surrounded  by  vacuum,  the  fbllowmg 
quadi^  form  can  be  constructed  from  the  disper¬ 
sion  equation: 

0)^  -  0X0)^  -  <CUo>  -  0  (1) 

where  to  leading  order  in  1/m: 

f  dr  rro^pA^ 

-  -^5 -  (2) 

j  dr  rpA* 


-a^l§al^+  f  drrF®A^/47T 

<tt>o> - ^ -  (3) 

I  dr  rpA^ 


47TmR^(jg 


F-k.B  and  a^  -  -L- |r§f  + 1§|2  (5) 

m 

The  only  term  that  can  produce  a  growth  rate  is  the 
boundary  term  £.  In  particular,  we  see  that  Z  >  0,  or 
equivalently  0  <  m  -  nq.  <  1  +  nqa/m,  is  a  necessary 
condition  for  instability.  Conversely,  one  can  show 
from  equation  1  that  a  sufficient  condition  for  sta¬ 
bility  is  min(lcunl)  se  2yo,  where  yo  is  the  growth  rate 
for  t0i  -  0. 


30  B.  Coppi,  S.  Cowtey,  R.  Kulsrud  et  al.,  'High  Energy  Components  and  Colleclive  Modes  in  Thermonuclear  Plasmas,'  Phys.  Fluids  12: 
4060  (1986);  G.A.  Cottrell  et  al.,  'Ion  Cyclotron  Emission  Measurements  During  JET  Deuterium-Tritium  Experiments,'  Nud.  Fusion 
33: 1365  (1993). 

31  B.  Coppi,  A.  Ferreira,  J.W.-K.  Mark,  and  J.J.  Ramos,  'Ideal-MHD  Stability  of  Rnite-Beta  Rasmas,'  Nud.  Fusion  19:  715  (1979);  L 
Sugiyama  arxl  J.W.-K.  Mark,  'High-Beta  Stability  of  a  Toroidal  Rasma,*  Phys.  Lott.  A  84: 123  (1981). 

32  J.J.  Ramos,  Tokamak  aB/l  Limit  and  its  Dependence  on  the  Safety  Factor,'  Phys.  Rev.  A  42: 1021  (1990);  J.J.  Ramos,  'Complete 
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In  the  simplest  case  of  approximately  constant  cui, 
it  is  possible  to  see  that  co-i  can  stabilize  the  ideal 
MHD  mode  by  inspection  of  equation  1.  In  partic¬ 
ular,  the  dispersion  relation  co(aj-(U‘i)  -  cug 
(where  cuo  is  the  eigenvalue  obtained  with  cui  -  0) 
gives 


with  the  well-known  ”  stability  condition: 

a)?i  2  -4£Oo-4yo-  (7) 

Note  that  once  coo  is  known,  e.g.,  from  a  numerical 
stability  analysis^  of  the  ideal  MHO  problem, 
diamagnetic  stabilization  can  be  investigated 
directly  (i.e.,  without  solving  the  boundary  value 
problem  anew)  by  just  evaluating  a)*i. 

We  further  specialize  our  cylindrical  analysis  to 
regimes  where  the  ratio  of  edge  to  average  value  of 
the  plasma  current,  is  small  and  the  plasma 
density  (and  pressure)  do  not  vanish  at  the  edge. 
That  restricts  us  to  relatively  weakly  growing  ideal 
modes  and  benefits  the  cu-i  effect.  The  relevant  dis¬ 
persion  relation,  obtained^  by  solving  a  boundary 
value  problem,  is: 

(0(0)  -  OJ.j)  -  3zo(m  -  nqa)^a)^A  (8) 

where  coap  -  B9(a)/(-^47T^ a)  is  the  relevant  Alfv6n 
transit  frequency, 

I  '  (9) 

(m-nqa)<J> 


It  is  evident  that  there  is  a  limit  to  the  ratio  J./<J> 
for  which  stability  can  be  attained,  but  this  limit  will 
have  to  be  estimated  only  after  realistic  growth 
rates  are  obtained  from  toroidal  geometry  calcula¬ 
tions. 


If  a  perfectly  conducting  wall  is  placed  at  r  -  b  >  a 
surrounding  the  plasma,  the  quantity  A  in  the  dis¬ 
persion  relation  (8)  Is  replaced  by  A  -f  Ap,  where 
Ab  -  1/[(b/a)*w_  ij  is  positive.  Clearly,  this  can 
have  an  important  effect  in  reducing  yo  to  values 
below  the  indicated  stability  threshold. 

When  finite  electrical  resistivity  of  the  wall  is  consid¬ 
ered,  the  two  oscillatory  modes  that  arise  when  the 
diamagnetic  frequency  is  sufficient  to  overcome  the 
ideal  MHD  instability  drive  (see  equation  6), 
become  damped,  but  a  new  purely  growing  mode 
tends  to  develop  with  growth  time  that  is  propor¬ 
tional  to  the  resistive  di^sion  time  in  the  wall.  This 
mode  appears  to  be  "immune”  to  FLR  stabilization. 


1.3.3  Stabilization  of  Intarnal  Kinks  by 
Circulating  Particlas 


This  work  is  being  done  in  collaboration  with  F. 
Porcelli  with  the  JET  Joint  Undertaking,  Abingdon, 
U.K. 

The  topic  of  linear  stabilization  of  internal  kinks  by 
energetic  particles  has  received  considerable 
interest  since  the  obsenratiorP*  that  sawteeth  can 
be  prevented  in  tokamaks  by  the  application  of 
radiofrequency  heating  at  the  cyclotron  frequency  of 
a  minority  population  of  Ions.  The  explanation^^  of 
this  phenomenon  resides  in  the  dynamics  of  the 
minority  ions  which  are  accelerated  to  high  energies 
(several  MeV  in  the  case  of  the  JET  experiments): 
the  ions  acquire  most  of  their  energy  when  the 
turning  points  in  their  orbits  coincide  with  the  plane 
of  resonance  with  the  wave,  Q  -  co  (here  ou  is  the 
frequency  of  the  applied  RF,  while  n(r,0)  is  the 
spatially  varying  cyclotron  frequency  of  the  ions). 
Thus,  ion  cyclotron  resonance  heating  (ICRH)  pref¬ 
erentially  energizes  ions  that  are  trap^  in  the  bad 
curvature  region  of  the  tokamak  by  the  magnetic 
well.  When  these  ions  are  sufficiently  energetic, 
namely,  they  have  a  precession  frequency  (due  to 
grad-B  and  magnetic  curvature)  that  is  larger  than 
the  ideal  MHD  growth  rate  of  an  internal  kink,  they 
tend  to  react  in  a  special  manner  to  the  perturba¬ 
tion.  Instead  of  E  x  B  drifting  with  the  rest  of  the 
plasma,  they  react  so  as  to  conserve  the  magnetic 


35  J.J.  Ramos,  'TokamaK  aB/l  Limit  and  its  Dependenca  on  the  Safety  Factor,'  Pfiys.  Rev.  A  42: 1021  (1990);  J.J.  Ramos,  'Complete 
Maaoscopic  Stabilization  of  Tokamak  Plasmas,'  Pfrys.  Lett.  A  152: 65  (1991). 
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19B6  (Vienna,  IAEA:  1987),  Vol.  I,  p.  449. 
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flux  contained  within  the  plane  defined  by  the 
precession  of  each  individual  guiding  center  ”  An 
increase  in  the  potential  energy  of  the  system 
ensues,  provided  certain  conditions  (e.g.,  centrally 
peaked  pressure  profile)  are  met. 

Here,  we  dwell  anew  on  the  interplay  between 
energetic  particles  and  m-1  internal  kinte,  concen¬ 
trating  on  the  circulating  species.  As  is  rather 
obvious,  passing  particles  tend  to  spend  a  larger 
fraction  of  their  time  in  the  region  of  good  cunrature 
(d  «  TT  in  tokamaks  with  circular  cross-section)  and 
thus  their  streaming  along  the  field  lines  tends  to 
negate  the  radial  displacement  imposed  by  the  m-1 
perturbation.  Thus,  this  population  tends  to  provide 
a  potential  energy  "hill"  that  the  mode  must  over¬ 
come  in  order  to  become  unstable.  As  we  show 
below,  the  quantitative  effect  can  be  of  the  same 
order  as  that  provided  by  the  trapped  ions  dis¬ 
cussed  in  the  more  standard  descriptions. 

We  remember  the  dispersion  relation  for  the  m»1 
internal  kink  in  the  ideal  limit: 


this  term.  Here,  we  limit  ourselves  to  stating  that  it 
is  composed  of  two  parts:  one,  which  we  term 
"adiabatic"  to  which  all  particles  (trapped  and  circu¬ 
lating)  contribute,  the  other,  which  we  call  "non- 
adiabatic"  is  due  to  trapped  particles  only  (under 
the  assumption  that  the  mode  frequency  is  much 
smaller  than  the  transit  frequency  of  the  energetic 
passing  ions).  Focus  on  the  contribution  from  the 
"adiabatic"  portion 


4tt^ 

R(rq'Bs)rt 


ae 

2n 


cos 


d« 
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(2 -a) 


3r 


(12) 


w(a3  -  a).i)  +  a)^(AH  +  -  0  (11) 

where  coap  -  Va/-J3  R  is  the  characteristic  Alfvdn 
frequency,  cu>i  -  (c/enBr)(dpi/dr)  is  the  ion  diamag¬ 
netic  frequency  (computed  at  r  -  ri,  the  position 
where  the  magnetic  winding  index  q(r)  =  rB^/RBe  is 
equal  to  unity;  here  C  and  $  are  the  toroidal  and 
poloidal  coordinates).  The  quantity  Ah  is  a  measure 
of  the  free  energy  available  from  the  plasma  pres¬ 
sure  gradient  (it  is  proportional^  to  the  square  of 
Pp  -  (8tt/B|)[<p>  -  p(ri)]  where  <p>  is  the  mean 
pressure  within  r  s  n)  and  must  be  sufficiently  posi¬ 
tive  for  an  ideal  mode  to  become  unstable  in  the 
presence  of  diamagnetic  effects).  The  term  denoted 
Alt  is  the  contribution  from  the  ene<yj>^ic  particles 
and  is  the  subject  of  this  discussir  %  >  refer  the 
reader  to,  e.g.,  Coppi  et  al.,^  for  ivation  of 


where  £m  is  the  maximum  energy  of  this  population. 
When  the  distribution  function  of  the  energetic  parti¬ 
cles,  Fh,  is  isotropic  (function  of  energy  but  not 
magnetic  moment,  -  mvi/B  -  a£/B(r,0))  this 
term  vanishes  identically  (the  cos  9  factor  averages 
out).  Thus,  it  was  found*'  that  fusion  alpha  particles 
would  contribute  only  via  their  trapped  fraction  to 
the  linear  stability  of  internal  kinks  and  would  do  so 
through  the  "non-adiabatic”  part  of  Ak.  As  has  been 
indicated  in  several  works  (see,  e.g.,  the  review 
articles*^  and  references  therein)  this  term  is  stabi¬ 
lizing  (Ac**  <  0)  for  peaked  pressure  profiles 
(dph/dr  <  0). 

Consider  now  the  case  of  a  population  consisting 
entirely  of  deeply  tr^ped  particles.  It  can  be 
shown*3  that  the  stabilizing  contribution  Ak  is  now 
decreased  by  a  factor  1  -  qo  (where  qo  is  the  value 
of  q(r)  at  the  magnetic  axis),  all  other  factors  being 
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^ual  (i.e.,  same  pressure  gradient).  Thus,  the 
inference  is  that  the  "iKfiabatic"  portion  of  K  pro¬ 
vided  by  trapped  particies  is  positive  (destabilizing). 
AS  discussed  earlier,^  a  trapped  parti^  lives  in  the 
bad  curvature  region,  on  the  average,  and  will  con¬ 
tribute  in  a  destabilizing  manner  from  its  fluid-like 
("adiabatic")  part  of  the  response. 

It  then  stands  to  reason  that  the  average  circulating 
particle  contributes  a  stabilization  to  the  system  by 
counteracting  the  fluid-like  term  due  to  the  trapped 
particles  (i.e.,  summing  circulating  and  trapped  con¬ 
tributions  leads  to  an  overall  cancellation  of  the 
adiabatic  piece).  Thus,  the  circulating  particles  are 
termed^  to  play  a  "sacrificial  role." 

To  put  this  in  a  more  quantitative  context,  consider 
the  adiabatic  contribution  anew,  writing  it  as: 


pdf  f=*^(GT  +  Gc)  (13) 

■'o 

where  Gt  and  Gc  are  contributions  from  the  trapped 
and  circulating  particles,  respectively; 
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Here  k  is  a  pitch  angle  variable  (the  range 
0  s  K  s  1  corresponds  to  trapped  partides),  and  K 
and  E  the  first  two  complete  elliptic  integrals.  The 
terms  in  curly  brackets  are  simply  the  orbit  average 
of  cos  6  (between  turning  points  ±  6^  for  trapp^ 
particles  and  between  ±n  for  circulating  particies). 
They  are  the  same  factors  found  in  the  orbit 
average  of  the  geodesic  portion  of  the  precession 
frequency,  ouq.  The  deperidence  of  these  terms  on 
pitch  angle  can  be  seen,  e.g.,  in  figure  9  of  Coppi 
and  Rewoldt,^  (note  that  our  terms  correspond  to 
2K(k)Gi(ic)  in  their  notation).  It  is  obvious  from  this 
figure  that  circulating  particies  give  a  stabilizing 
contribution  (Ap*  <  0)  for  centrally  peaked  pressure 
profiles.  Note  that  the  contribution  is  maximal  for 
particies  that  are  near  the  trapping  boundary 
(k  -  1)  and  that  barely  trapped  particles  on  the 
other  side  of  the  boundary  also  give  a  stabilizing 
contribution  via  their  adiabatic  term.  The  mech¬ 
anism  is  the  same  as  for  the  circulating  particles: 
tfieir  orbits  have  turning  points  that  are  near  the 
inner  midplane  of  the  toms  (0  -  n)  and  conse¬ 
quently  they  spend  the  greater  part  of  their  time  in 
the  region  of  good  cun/ature.  However,  these  barely 
trapp^  particles  (so-called  "sloshing"  particles^  will 
not  actually  stabilize  the  mode:  unlike  the  circulating 
particles  (whose  entire  contribution  to  the  problem 
is  contained  within  Ap>),  their  response  involves  the 
kinetic  term,  Air*.  It  turns  out  that  these  barely 
trapped  particles  are  also  the  ones  for  which  drift 
reversal  has  occurred,  namely  a)<ha}St<0  (here 
eoi$K  is  the  bounce-averaged  precession  frequency). 
The  drift  reversal  point  is  a  function  of  the  magnetic 
shear  at  the  q=1  surface  and  located  between  the 
point  where  Gc  -  0  and  the  trapped-circulating 
boundary  (rr  -  1)  for  positive  shear  (cf.  figure  9  of 
Coppi  and  Rewoldt).^  Thus,  a  cancellation  between 
the  fluid-like  and  kinetic  contributions  to  At,  from 
these  sloshing  particles  tends  to  occur.  Note  also 
that  particles  that  sit  in  the  very  near  proximity  of 
the  trapped-circulating  boundary  are  subject  to  scat¬ 
tering  (by  collisions  and/or  fluctuations).*^  Thus, 
most  of  the  stabilization  will  come  from  circulating 
particles  located  in  the  region  1  <  k  s  2. 

We  conclude  by  noting  that  the  contribution  from 
energetic  circulating  particles  to  the  problem  of  msi 


**  F.  Porcelli,  "Fast  Particle  Stabilization,"  Plasma  Phys.  Cont.  Fusion  33: 1601  (1991). 

45  B.  Coppi  and  G.  Rewoldt,  "Collective  Modes  in  Confined  High  Temperature  Plasmas,"  in  Advances  in  Plasma  Physics,  ed.  A.  Simon 
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mode  linear  stability  can  be  schematically  written 
as: 


where  fitt,  is  the  hot  particle  poloidal  beta  defined  in 
the  same  manner  as  for  isotropic  distributions  (cf. 
equation  (IV-33)  of  Migliuolo^  )  and  C  represents 
the  pitch  angle  contribution,  which  is  of  order  unity 
for  "slowly  passing"  particles.  This  contribution  is  of 
the  same  order  as  that  due  to  the  trapped  portion  of 
an  isotropic  distribution  of  energetic  particles.  One 
is  therefore  led  to  propose  that  sufficiently  energetic 
neutral  beams,  injected  tangentially  to  the  magnetic 
field,  may  be  effective  in  producing  sawtooth-free 
discharges  in  tokamaks. 


1.3.4  [)euteriuin-HeUum(3)  Fusion  Burning 
Using  ICRH  Minority  Heating  in  Ignitor 

The  design  characteristics  of  the  Ignitor 
experiment"  allow  it  to  satisfy  the  conditions  where 
the  14.7  MeV  protons  and  the  3.6  MeV  or-particies 
produced  by  the  D-^He  reactions  can  supply 
thermal  energy  to  a  well  confined  plasma.  In  pedic¬ 
ular,  Ignitor: 


energy  value.  We  note  that  the  O-’He  fusion  cross 
section  has  a  maximum  near  E-650  keV  for  a 
helium  beam  incident  on  a  deuterium  target. 

A  preliminary  anatysis  of  the  fusion  power  Pf  that 
may  be  produced  in  Ignitor  this  method  incficates 
that  Pf  -<  1  MW  may  to  readied,  thanks  primarily  to 
the  high  value  of  the  RF  power  density  that  can  to 
coupled  to  the  helium  nu^i.  We  recall  that  in  pre¬ 
vious  experiments,  fusion  power  levels  of  1.5  kW 
and  140  kW  have  been  obtdned  in  PLT'  and  in 
JET^  respectively.  However,  neither  of  these  exper¬ 
iments  had  the  current  and  particle  densities 
required  for  the  confinement  and  the  slowing-down 
of  the  14.7  MeV  protons. 

Numerical  simulations  for  this  scenario  in  Ignitor 
were  performed  using  the  FPPRF”  code,  that  com¬ 
bines  a  ray  tracing  package  with  the  solution  of  the 
Fokker-Planck  equation  for  the  minority  spedes. 
Typical  RF  parameters  were 
Prf  -  18  MW,  V  -  132  MHz,<k|>  -  S-IOm  ’. 
The  parallel  wavelength  <k|>  is  estimated  on  the 
basis  of  the  size  of  the  adopted  ICRH  antennas. 
The  ray  tracing  routine  (SPRUCE)  solves  the  dis¬ 
persion  relation  for  electromagnetic  waves  propa¬ 
gating  in  a  hot  plasma,  while  another  set  of  routines 
evolves  the  distribution  function  of  the  minority  ions 
in  time  by  solving  the  bounce-averaged  Fokker- 
Planck  equation: 


•  can  sustain  a  plasma  current  exceeding  that 

required  (Ip  a  6MA)  to  confine  the  proton  orbits  ~  •  <Q>  +  <C>  +  <S>  (16) 

at  birth: 


•  can  produce  suffidently  high  plasma  densities 
that  the  slowing  down  time  of  both  the  protons 
and  the  (x-partides  is  shorter  than  the  eledron 
energy  replacement  time  of  the  thermal  plasma 
in  which  they  are  generated. 

In  order  to  boost  the  D-^He  fusion  reaction  rate,  ion- 
cyclotron  heating  of  a  D  plasma  with  a  ^He  minority 
can  to  used  to  create  a  tail  in  velocity  space  for  the 
^He  distribution  function^  with  an  optimal  mean 


where  <Q>  represents  the  power  deposition  by  the 
wave  and  is  a  quasilinear  operator  which  computes 
the  (spatially  varying)  resonant  wave-partide  energy 
exchange,  <C>  is  the  standard  collision  operator 
involving  pitch  angle  scattering,  slowing  down  (by 
electrons  and  background  ions)  and  energy 
exchange  with  other  species  (electrons  and  ions), 
and  <S>  represents  the  combination  of  sources  and 
sinks  (charge  exchange,  prompt  losses  of  fast  ions, 
etc.). 
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The  code  returns  wave  dispersion  properties  (in 

particuiar  Ni(r),  where  N  -  May  is  the  index  of 
refraction),  the  RF  power  deposition  profile  as  a 
function  of  r  and  6,  the  minority  ion  distribution 
function  f(r,E,^),  the  mean  energy  of  the  RF 
heated  minority  as  a  function  of  r,  as  well  as  an 
estimate  of  thie  beam-target  fusion  reaction  yield 
(i.e.,  number  of  protons  per  second,  for  the  case  of 
D-^He  where  the  "beam"  is  composed  of  ^He  ions 
and  the  "target"  of  D  ions).  The  c^e  is  able  to  treat 
the  interaction  with  the  minority  species  at  either 
the  fundamental  or  the  first  harmonic  of  the 
cyclotron  frequency. 

In  the  minority  heating  scenario  for  the  fast  wave, 
four  characteristic  distances  can  be  identified  that 
are  important  for  the  damping  of  the  wave,  in 
terms  of  x  -  R  -  Rm*g,  (where  Rm<9  -  Ro  is  the  dis¬ 
tance  of  the  magnetic  axis  from  the  symmetry  axis), 
these  are: 

1.  Xc  -  0,  the  distance  of  the  ^clotron  reso¬ 
nance  o)  -  Qh«  of  the  helium  ions  (note  that 
the  wave  field  at  this  location  has  mostly  a 
right-handed  polarization  which  is  opposite  to 
the  one  required  for  optimal  coupling  with  the 
ion  gyromotion); 

2.  Axc  -  k|V,h,H*/wRiti«.  the  width  of  the  thermal 
broadening  of  the  cyclotron  resonance; 

3.  xl  -  -  (1/2)(n.H./n,)Rmig,  the  distance  of 
Nf  -  L  -  2i(cop(/^)*Q6/(Qei  -  tt>)  cut-off 
surface  ki  -  0  (the  other  cut-off  surface, 
Nf  •  R  -  2i(cUp/sici)^S2ci/(£3d  +  co),  is  located 
near  the  plasma  periphery).  In  the  cold  plasma 
approximation,  at  Xl  the  wave  has  a  complete 
left-hand  polarization; 

4.  Xs  - -(7/12)(nWn.)Rm«g,  the  distance  of 
Nf  -  S  ■  (R  -t-  L)/2  ion  hybrid  resonance 
surface  ki  -*  oo.  When  the  effects  of  finite 
plasma  temperature  are  taken  into  account,  the 
(electromagnetic)  fast  wave  can  couple  to  the 
(electrostatic,  short  wavelength)  ion  Bernstein 
wave  (mode  conversion)  near  the  ion  hybrid 
surface  leading  to  heating  of  the  bulk  plasma. 

When  ICRH  is  applied  in  the  minority  heating 
regime  it  is  important  that: 

1.  the  evanescent  region  separating  the  cutoff 
and  ion  hybrid  resonance  surfaces  be  as  large 


as  possible  in  order  to  minimize  direct  heating 
of  the  bulk  plasma  via  mode  conversion  (we 
find  that  the  addition  of  a  small  concentration  of 
a  third  ion  species— hydrogen  or  tritium — is 
helpful  in  this  respect); 

2.  the  width  |AXe|  be  broad  enough  to  overlap  the 
cutoff  surface  where  optimal  conditions  of  wave 
field  polarization  for  coupling  with  helium 
gyromotion  are  encountered. 

As  the  helium  is  heated  from  the  initial  plasma  tem¬ 
perature  to  an  effective  tail  temperature  of  1  MeV 
(or  more),  the  width  |AXe|  is  seen  to  increase  from 
0.01  m  to  0.1  m,  finally  overlapping  the  cutoff 
region.  Accordingly  the  peak  in  Im(Ni),  associated 
with  the  damping  of  the  wave,  moves  from  its  ori¬ 
ginal  position  at  the  cyclotron  resonance  toward  the 
Nf  -  L  cutoff  surface. 

The  helium  distribution  function  is  obtained,  at 
several  times  during  the  simulation,  and  the  rele¬ 
vant  level  lines  in  the  (V|,  v^)  plane,  show  the  char¬ 
acteristic^  two-hom  shape  with  values  of  the  pitch 
angle  about  60-80  degrees.  Analytically,  f  can  be 
described  by  a  combination  of  a  core  Maxwellian 
and  an  anisotropic  tail  with  a  characteristic  perpen¬ 
dicular  mean  energy"  given  by 
T,h  -  T,[l  +  (3/2)5rf3-  Here  5hf  ••  PRFT^(3nH«T,), 
while  T,  is  the  slowing  down  time  of  the  helium 
nuclei  and  Prf  the  local  value  of  RF  power  density 
coupled  to  them.  Therefore, 

In  A  \  MW  /m  / 

when  written  in  practical  units  (t  -  T/10  keV, 

n  -  n/10“m-^  In  A  -  In  A/10).  Generally,  over 
95  percent  of  the  RF  power  is  deposited  (promptly) 
into  the  helium.  A  substantial  fraction  of  this  power 
(up  to  50  percent)  is  then  transferred  to  the  elec¬ 
trons  by  collisional  processes.  The  fusion  power 
output  is  estimated  with  several  simplifying  assump¬ 
tions  (e.g.,  an  isotropic  velocity  distribution  function 
for  the  fast  ions)  and  the  quoted  value  Pf^-I  MW 
should  be  considered  as  preliminary. 

Alternatively,  we  have  also  computed  the  D-^He 
reactivity  parameter  «7v>f  for  a  ^He  distribution 
function  as  given  by  Stix."  The  relevant  two- 
dimensional  velocity  space  integral  is  computed 
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numerically.  For  a  given  set  of  temperatures,  there 
is  an  optimal  value  of  Srf  for  which  <ov>f  is 
maximum,  and  this  value  can  be  lowered  consider- 
abty  by  increasing  T«  and  T|.  Since  ^rf  Is  inverse^ 
proportional  to  the  square  of  the  electron  density 
(for  constant  minority  concentration),  white 
Pf  oe  nH(no<ov>F,  an  increase  in  the  bulk  plasma 
temperature  allows  a  higher  optimal  density  at  con¬ 
stant  values  of  Prf  and  therefore  of  Pp. 

A  zero-dimensional  (no  quantitative  radial  profile 
effect  included)  estimate  of  the  total  fusion  power 
can  be  obtain^  from  <orv>F  in  the  following  way. 
On  the  basis  of  the  inferred  value  of  <Prf>.  we  can 
select,  for^  given  temperatures,  an  optimal  density 
product  n.nH«.  This  is  determined  in  such  a  way  that 
the  corresponding  value  of  §rf  is  the  one  for  which 
<av>F  is  maximum,  i.e.,  <av>P“  -  2.0  x  10-“mVs. 
Then  assuming  that  these  optimal  conditions  can 
be  produced  only  in  a  small  fraction  of  the  total 
plasma  volume  (say  «  (1/25)  V),  we  estimate 

Pf  -  6(nDnHe)“P*‘'^  X  (Ve«/nr«®)MW  (18) 

In  the  case  where  T,  -  20  keV,  T  -  15keV  for 
example,  and  <Prf>  -  65  MW/m^  over  V,r,  we  find 
nopihMi  ,  2.5  and  nffif"*"  «  0.2,  so  that  Pf  -  1MW. 
This  value  is  in  reasonable  agreement  with  that 
obtained  from  the  code  FPPRF  under  similar  condi¬ 
tions. 


1.3.5  Deuterium-Tritium  ignition 
Experiments  with  High  Magnetic  Fieids 

High  magnetic  field  experiments  have  been 
designed  to  investigate  deuterium-tritium  fusion 
ignition  conditions,  on  the  basis  of  known  exper¬ 
imental  and  theoretical  understanding  of  plasma 
behavior.  Our  group  has  long  maintained  a  strong 
effort  in  pioneering  the  practical  use  of  such  config¬ 
urations.  We  have  shown  that  the  most  advanta¬ 
geous  and  least  expensive  designs  incorporate  an 
interlocking  set  of  characteristics^  —tight  aspect 
ratio,  relatively  small  size  with  significant  vertical 
elongation,  high  toroidal  and  poloidal  magnetic 
fields,  large  plasma  currents,  high  plasma  densities, 
good  plasma  purity,  strong  ohmic  heating,  good 
plasma  and  rx-particle  confinement,  and  robustness 
against  ideal  MHD  and  resistive  plasma  instabilities. 
We  have  investigated  the  physical  basis  for  these 
plasma  properties,  while  also  constructing  the 


design  and  engineering  solutions  for  attaining  the 
necessary  parameters  (in  the  Ignitor  Ult  machine" 
presently  being  built  in  Italy).  Since  ignition 
depends  upon  many  spatially  and  temporally 
varying  processes,  many  of  our  studies  are  based 
upon  the  numerical  simulation  of  a  free  boundary 
plasma  from  the  current  ramp  through  ignition, 
using  the  MHD  evolution  and  plasma  flux  surface 
transport  code.  TSC.^ 

The  ignition  of  a  50:50  deuterium-tritium  plasma 
requires  a  minimum  value  of  the  parameter 
OoTe  -  4  X  10“  sec /m^  in  order  to  achieve  ignition 
with  Tn  -  Tio  <  15  keV,  where  no  is  the  peak 
plasma  (electron)  density.  Tm  the  peak  temperature, 
and  Te  the  energy  replacement  time.  Here  ignition 
is  defined  to  be  the  point  when  the  plasma  heating 
due  to  fusion  a-particles.  Pa,  ^uals  the  plasma 
thermal  losses  Pl.  Relatively  high  values  of  the 
plasma  density,  rv,  -  10*’  m-®,  then  require  only 
moderate  values  of  Te,  whose  magnitude  is  less 
easy  to  predict  with  certainty.  Both  these  values 
should  be  achievable,  based  on  the  favorable  con¬ 
finement  properties  of  high  density  plasmas  that 
have  been  demonstrated  by  a  series  of  high  field 
experiments,  the  Alcator  A  and  C  and  the  latest,  the 
Alcator  CMOD,  at  MIT  and  the  FT/FTU  devices  at 
Frascati,  Italy.  Experimentally,  the  maximum 
plasma  density  no  that  can  be  supported  correlates 
with  the  ratio  Bt/Ro,  where  Bt  is  the  toroidal  mag¬ 
netic  field  at  the  center  of  the  plasma  column,  at 
major  radius  R  -  Ro.  On  the  basis  of  the  Alcator  C 
machine,  where  no  -  2  x  10*’ m-®  was  achieved 
with  Bt  -  12.5T  and  Ro  -  0.64  m,  and  the  TFTR 
machine  at  Princeton,  where  even  larger  ratios  of 
noRo/Br  were  achieved,  a  configuration  with 
Ro  -  1.3  m  and  Bt  -  13T  should  be  able  to 
sustain  reiiably  densities  of  10*’  m-®. 

A  strong  toroidal  magnetic  field  also  supports  a  high 
poloidal  field  Bp  and  correspondingly  large  plasma 
current  Ip.  A  significant  vertical  elongation,  e.g., 
K  - 1 .8,  substantially  increases  the  plasma  current 
that  can  be  carried  for  a  given  Bt  and  R.  If  the 
density  correlates  with  the  (volume)  averaged 
toroidal  current  density,  <J4,>,  then  experimental 
results  suggest  that  somewhat  less  than  IkA/cm* 
should  offer  considerable  margin  to  attain  the 
desired  peak  density  no  ~  10*’  m-®.  High  values  of 
Bp  produce  a  strong  rate  of  ohmic  heating,  while 
large  currents  Ip  tightly  confine  the  fast  (x-particles 
produced  by  the  fusion  reactions,  so  that  they 
deposit  their  energy  in  the  center  of  the  plasma. 
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The  degradation  of  the  plasma  energy  confinement, 
commonly  observed  when  injected  (nonohmic) 
heating  is  applied,  is  reduced  at  higher  plasma 
current.  In  addition,  the  poloidal  plasma  beta  fip 
can  be  kept  small  at  ignition  to  improve  the  plasma 
stability  and  in  particular  to  stabilize  the  ideal  MHD 
modes  with  mode  numbers  m-1,  n-1  that  are  asso¬ 
ciated  with  sawtooth  oscillations.  Large  plasma 
density  combined  with  good  ohmic  heating  allows 
ignition  at  low  plasma  temperatures.  This  reduces 
the  fusion  power,  and  therefore  the  thermal  wall 
loads.  The  low  beta  increases  the  overall  margin  of 
plasma  stability. 

The  plasma  purity  has  been  shown  to  improve  with 
increasing  plasma  density,  that  is,  the  effective 
charge  -  IniZp/n,  decreases  monotonically  with 
n„  in  an  extensive  series  of  experiments  starting 
with  the  Alcator  A.  The  major  effect  of  impurities  is 
to  dilute  the  concentration  of  fusing  nuclei,  while  a 
secondary  effect  is  the  increase  of  power  loss  due 
to  bremsstrahlung  radiation.  If  auxiliary  heating  is 
not  used,  Zm  cannot  exceed  about  1.6  for  D-T 
ignition  in  the  Ignitor,  as  indicated  by  our  analyses. 

Relatively  high  plasma  edge  densities  also  help  to 
confine  impurities  to  the  scrape  off  layer,  where  the 
induced  radiation  helps  to  distribute  the  thermal  wall 
loading  more  uniformly  over  the  plasma  chamber 
surface.  The  low  ignition  temperatures  associated 
with  high  density  further  help  to  keep  the  plasma 
clean,  by  reducing  the  thermal  wall  loading,  that 
result  in  sputtering. 

Peaked  plasma  density  profiles  should  be  main¬ 
tained,  by  external  means  such  as  pellet  injectors,  if 
necessary.  Peaked  profiles  maintain  stability  to  ion 
temperature  gradient  modes  that  enhance  the  ion 
thermal  transport.  Since  the  neoclassical  (Ware) 
inward  particle  pinch  is  relatively  strong  in  a  tight 
aspect  ratio,  high  field  configuration  and  an  anoma¬ 
lous  inflow  is  also  present,  pellets  that  penetrate 
partway  into  the  plasma  can  be  successfully  used 
to  raise  the  plasma  density  and  produce  peaked 
profiles  near  ignition. 

Plasma  configurations,  such  as  X-points,  that  con¬ 
centrate  the  thermal  (particle)  heat  flux  on  localized 
areas  of  the  vessel  wall,  limit  the  amount  of  fusion 
power  that  can  be  handled.  In  addition,  a  more 
limited  plasma  current  can  be  sustained.  However, 
X-points  and  detached  plasmas  can  be  obtained 
with  relatively  little  sacrifice  in  the  plasma  and 
magnet  parameters  and  they  may  prove  desirable 


to  limit  the  degradation  of  the  plasma  confinemertt 
caused  by  nonohmic  heating,  by  creating  the  condi¬ 
tions  known  to  produce  "H-mode"  operation. 

Divertors  represent  a  more  severe  compromise, 
since  they  alter  the  design  of  the  plasma  chamber 
and  the  toroidal  magnet.  The  meyor  radius  must  be 
increased  to  accomodate  a  reliable  divertor, 
reducing  the  ratio  Bt/R  and  therefore  the  maximum 
plasma  density.  The  magnetic  fields  are  also 
reduced,  lowering  the  plasma  current  and  the  ohmic 
heating,  and  increasing  p.  A  large  injected  heatir^ 
system  becomes  necessary  to  replace  the  ohmic 
heating  and  the  resulting  d^radation  of  the  plasma 
confinement  makes  low  temperature  ignition  diffi¬ 
cult.  The  divertor  plates  must  then  handle  large 
thermal  heat  fluxes.  There  is  no  demonstrated 
advantage  to  using  divertors  in  high  density 
plasmas. 


1.3.6  Time  Dependent  Ignition 

The  transient  nature  of  ignition  has  important  con¬ 
sequences.  The  initial  current  ramp,  when  Ip,  n.,  Bt, 
and  the  plasma  cross  section  are  increased  simul¬ 
taneously,  to  their  maximum  values,  has  important 
effects  on  the  plasma  energy  balance  and  stability 
at  ignition."  These  effects  arise  from  the  relatively 
slow  inward  diffusion  of  the  plasma  current,  which 
is  added  at  the  outer  surface  of  the  plasma  by  the 
ojrrent  ramp,  compared  to  the  growth  of  the  central 
temperature  due  to  plasma  heating.  The  current 
ramp  generates  a  inhomogeneous  toroidal  electric 
field  in  the  plasma  that  is  peaked  near  the  plasma 
edge  and  allows  large  values  of  ohmic  heating  at 
high  central  temperature.  The  magnetic  safety 
factor  q  can  be  easily  maintained  above  unity  or 
held  to  a  very  small  q  <  1  region  during  the  current 
ramp,  and  a  more  careful  study,"  shows  that  it  can 
also  be  kept  small  after  the  ramp,  at  least  until  the 
central  temperature  reaches  high  values  and  fusion 
a-particles  begin  to  appear,  both  of  which  are  sta¬ 
bilizing  effects  for  m^i  modes.  Furthermore,  small 
amounts  of  injected  heating  (e.g.,  Pinj  <  Poh/2) 
during  the  current  ramp  can  maintain  a  very  small 
size  (or  nonexistence)  for  the  q  <  1  region  until 
well  past  ignition,  if  central  temperatures  approach 
10  keV  by  the  end  of  the  current  ramp,  through  the 
freezing-in  of  the  central  current  density  at  low 
resistivity.  Injected  heating  also  reduces  the  mag¬ 
netic  flux  consumption  required  to  reach  ignition, 
particularly  if  ignition  occurs  during  the  current 


M  B.  Coppi,  M.  Nassi,  and  L.E,  Sugiyama,  'Physics  Basis  for  Compact  Ignition  Experiments,*  Phys.  Scripts  45:  112  (1992);  L. 
Sugiyama  and  M.  Nassi,  'Free  Boundary  Current  Ramp  and  Current  Profile  Control  in  a  0-T  Experiment,*  Nud.  Fusion  32:  387 
(1992). 
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ramp.  These  characteristics  are  iiiustrated  in  table 
3  (reference  case  for  the  maximum  Ignitor  design 
parameters,  peak  Bt  -  13.5T,  Ip  -  12MA, 
R  -  1.3  m,  a  -  0.48  m,  k  -  1.8,  and 
n,o  -  1-1  X  10*’ m-®,  at  50:50  D;T  ratio  and 
-  1.2). 

It  has  been  shown  that  it  is  simultaneously  possible 
to  maintain  monotonically  increasing  q  profiles 
without  large  low  shear  regions,  arid  with  edge 
values  3  <  dip.  <  4  during  the  current  ramp,  to 
beyond  ignition.  These  conditions  should  prevent 
instabilities  associated  with  internal  plasma  modes 
(e.g.,  "locked"  or  quasistationary  modes)  that  can 
be  triggered  during  the  current  ramp  and  often  lead 
to  serious  disruptions,  in  which  the  confinement  of 
the  plasma  can  be  lost.  Since  hollow  q  profiles  are 
usually  associated  with  the  excitation  of  internal 
macroscopic  modes  and  enhanced,  "artomalous" 


The  requirement  that  the  edge  q  is  between  3  and 
4  (high  plasma  current)  means  that  special  care 
must  be  devoted  to  maintaining  q  >  1  up  to 
ignition.  If  only  ohmic  heating  is  contemplated,  the 


current  penetration,  while  ignition  is  aided  by  a  slow 
current  penetration  that  keeps  qo  >  1  for  as  long  as 
possible,  these  precautions  are  not  superfluous. 

A  major  question  for  all  ignition  experiments  is  the 
degree  of  degradation  exp^ed  in  the  pia^a 
energy  confinement  near  ignition,  since  D-T  ignition 
is  easily  achieved  if  the  confinement  remains  at  the 
optimal,  ohmic  heating  level.  One  strategy  for  a 
high  field  experiment  is  to  maintain  a  high  level  of 
ohmic  heating  up  to  ignition.  Pa  s2Poh,  to  reduce 
the  degree  of  degradation.  Since  a-partide  heatir^ 
possesses  two  important  characteristics  of  ohmic 
heating  that  are  not  shared  by  any  presently  avail¬ 
able  form  of  injected  heating-^isymmetric  deposi¬ 
tion  and  generation  in  the  center  of  the  plasma 
column— we  expect  that  the  degradation  should  not 
be  as  severe. 


steadily  increasing  size  of  the  q  <  1  region  after 
the  end  of  the  current  ramp  imposes  a  more  severe 
limit  on  the  time  in  which  the  piasma  can  ignite  and 
on  the  required  energy  confinement  level,  than  the 
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Table  3.  Reference  Discharge  for  the  Ignitor  Lilt  Maximum  parameters  at  the  End  of  Ramp  Ip « 12  MA, 

Bt»  13.5T,  R-  1.3 m,a  =  0.48m,  b - 0.87 m, 5 - 0.4,  n«, »  1.1  x  10*’  m**,  rW<n,>  =  2.2,  Z,*-  1.2. 

End  Ramp 

Ignition 

t 

3.0 

4.3 

time  (sec) 

£.J2 

0.32 

0.38 

internal  inductance 

0.08 

0.13 

poioidal  beta 

0 

0.8 

1.26 

toroidal  beta  (%) 

3.3 

3.6 

edge  magnetic  safety  factor 

W 

7.5 

11.7 

piasma  kinetic  energy  (MJ) 

T.0 

4.0 

11.0 

peak  electron  temperature  (keV) 

Te 

710 

660 

energy  confinement  time  (msec) 

PoH 

13.0 

9.5 

ohmic  heating  (MW) 

P« 

2.0 

17.8 

<x-particle  heating  (MW) 

noo 

1.5 

12.0 

peak  a-particle  density  (10’^m  -*) 

Pb 

3.2 

4.1 

bremsstrahlung  radiation  (MW) 

Pic 

0.4 

0.5 

cyclotron  and  impurity  radiation  (MW) 

Vp., 

1.4 

5.8 

volume  where  q  s  1  (%  of  total) 

A4> 

29.2 

31.4 

magnetic  flux  variation  (V  sec) 

Ibs 

0.6 

1.0 

bootstrap  current  (MA) 
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energy  balance  alone,  if  it  is  assumed  that  sawtooth 
oscillations  large  enough  to  destroy  the  central 
peaking  of  the  temperature  cannot  be  avoided. 
Then  ignition  in  the  Ignitor  reference  case,  at 
To  -  1 1  keV,  requires  Te  -  0.66  sec  and  must 
occur  within  approximately  1 .5  sec  of  the  end  of  the 
current  ramp  (table  1 ).  Our  theoretical  analysis,  on 
the  other  hand,  indicates  that  Ignitor  remains,  in  all 
regimes,  within  the  stability  limits  of  the  ideal  MHO 
and  resistive  m«1,  n«1  modes.  In  addition,  mod¬ 
erate  amounts  of  auxiliary  heating, 
PicRH  ~  10 -15  MW,  started  during  the  current 
ramp,  allow  ignition  down  to  the  limits  predicted  by 
OoTe,  i.e.,  Te  s  0.4  sec,  while  maintaining  ve^ 
small  q=1  regions  well  beyond  ignition.  Similarly,  in 
the  ohmic  case,  if  the  requirement  of  small  q  <  1 
region  is  dropp^,  either  on  the  basis  of  the  theore¬ 
tical  analysis  or  by  externally  stabilizing  the 
sawtooth  oscillations,  ignition  can  also  occur  at 
these  Te's  and  times  of  ti  -  5  -  5.5  sec. 

The  importance  of  ohmic  heating  during  the  ignition 
sequence  at  high  field  and  density  means  that  a 
model  for  the  electron  thermal  transport  should,  like 
the  one  used  here,  simulate  ohmic  regimes  and 
reproduce  typical  toroidal  loop  voltages  in  steady 
state  ohmic  experiments,  that  are  observed  to  be 
an  almost  "universal"  constant.  In  addition,  the 
total  diffusion  coefficient  should  increase  with 
injected  heating  and  reproduce  the  degraded  con¬ 
finement  observed  in  present  experiments  that  are 
dominated  by  injected  heating. 


A  second  major  question  for  ignition  is  the  effect  of 
vviation  in  the  plasma  density  and  its  profile,  since 
pellets  injected  to  raise  the  density  are  unlikely  to 
fully  penetrate  a  high  density  plasma  For  a  given 
level  of  thermal  transport,  tl^re  is  an  optimum 
density  for  fastest  ignition.  A  higher  density  is  more 
favoraible  under  degrsKled  conditions.  Higher 
density,  however,  accelerates  the  toroidal  current 
penetration  at  a  given  time  by  lowering  the  T., 
producing  larger  q  <  1  regions  earlier  than  at 
lower  density.  This  effect  also  operates  in  the  outer 
part  of  the  plasma  radius  when  density  profiles  are 
broadened.  Thus,  for  riw,  -  1.1  x  10^'  m-^,  profile 
peaking  factors  n,o/<na>  >1.9  where  <r^>  is  the 
volume  average  give  relatively  results  similiar  to  the 
standard  case  (no  -  2  x  10^'  m->)  for  ignition. 
Broader  profiles  rapidly  lead  to  degraded  ignition, 
e.g.,  nK/<no>  -  1.5  requires  longer  ti  and  higher  Te, 
and  yields  a  significantly  larger  q>>1  radius.  Lower 
central  density,  e.g.,  n,o  -  6.5  x  10“  m-^  at  the 
end  of  the  current  ramp  increasing  to  8-9  x  10“ 
by  ignition,  allows  broader  profiles,  n«/<no>  -  1.5. 
For  related  reasons,  increasing  the  plasma  density 
after  the  current  ramp  is  more  advantageous  than 
increasing  the  density  during  the  ramp.  At  high 
density,  a  region  of  low  magnetic  shear  develops  in 
the  mid-region  of  the  minor  radius.  This  region 
becomes  seriously  unstable  when  its  value  of  q 
approaches  unity,  since  ideal  MHD  instabilities  with 
ms1  can  occur.  This  is  one  of  the  major  limits  on 
the  broad  density  profile  cases. 
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In  this  project,  we  are  investigating  the  theory  of 
polarimetric  passive  remote  sensing  of  wind¬ 
generated  sea  surfaces  with  potential  application  to 
ocean  surface  winds.  The  small  perturbation 
method  (SPM),  derived  to  second  order,  is  applied 
to  the  Stokes  vectors  of  the  thermal  emission  from 
random  rough  dielectric  surfaces  described  by 
anisotropic  directional  spectra.  To  verify  the  accu¬ 
racy  of  the  SPM,  a  Monte  Carlo  simulation  is  per¬ 
formed  to  calculate  the  Stokes  vectors  of  the 
emission  from  the  simulated  one-dimensional 
random  rough  surfaces  with  a  power-law  spectrum 
for  various  observation  angles  and  surface  para¬ 
meters.  The  theoretical  results  of  the  SPM  for  all 
four  Stokes  parameters  are  in  excellent  agreement 
with  the  numerical  results  obtained  from  the  Monte 
Carlo  simulation.  The  SPM  is  then  applied  to  small- 
scale  sea  surface  described  by  an  empirical  surface 
spectrum.  The  results  indicate  that  polarimetric 
radiometry  allows  us  to  measure  wind  vector  with 
only  one  azimuthal  observation  angle.  This  is 
made  possible  by  the  different  azimuthal  depend¬ 
ence  between  the  third  Stokes  parameter  and  the 
first  two  Stokes  parameters.  Radiometers  with  a 
single-azimuth-observation  design  will  not  only  sim¬ 
plify  the  antenna-beam-scanning  mechanism,  but 
will  also  be  free  from  the  complexity  associated  with 
the  data  co-registration  required  for  multiple- 
azimuth-observation  designs. 

A  numerical  study  of  the  polarimetric  thermal  emis¬ 
sion  from  ocean  surfaces  randomly  rough  in  one 
dimension  using  a  Monte  Carlo  technique  is  carried 
out.  A  set  of  finite  length  surface  profiles  with 
desired  statistics  was  generated  using  a  spectral 
method.  Each  surface  was  extended  periodically  to 
create  an  infinite  rough  surface,  and  the  thermal 
emission  was  computed  using  the  extended 
boundary  condition  method  (EBC)  and  the  method 
of  moments  (MOM).  The  results  from  the  set  of  sur¬ 
faces  were  then  averaged  to  obtain  the  Monte 
Carlo  estimate  of  polarimetric  thermal  emission. 
The  surface  statistics  chosen  were  intended  to 
model  a  wind  perturbed  ocean  surface  in  the  X  to 
Ku  band  microwave  region.  The  results  of  the  study 
show  that  the  third  Stokes  parameter,  Ub,  is  sensi¬ 
tive  to  the  azimuthal  angle  between  the  surface 
periodicity  and  the  looking  angle,  the  rms  height  of 
the  surface,  and  the  surface  power  law  spectrum 
slope,  and  that  this  parameter  is  insensitive  to  vari¬ 
ations  in  polar  angle,  permittivity,  and  surface  spec¬ 
trum  high  frequency  content. 

Experimental  results  and  theoretical  calculations  are 
presented  to  study  the  polarimetric  emission  from 
water  surfaces  with  directional  features.  It  is 
observed  that  the  measured  Stokes  parameters  of 
corrugated  fiberglass-covered  water  surfaces  are 
functions  of  azimuth  angles  and  agree  very  well 


with  theoretical  calculations.  The  theory,  after  being 
verified  using  experimental  data,  was  then  used  to 
calculate  the  Stokes  parameters  of  periodic  sur¬ 
faces  without  fiberglass  surface  layer  and  with  rms 
height  of  the  order  of  wind-generated  water  ripples. 
The  magnitudes  of  the  azimuthal  variation  of  the 
calculated  emissivities  at  horizontal  and  vertical 
polarizations  corresponding  to  the  first  two  Stokes 
parameters  are  found  to  be  comparable  to  the 
values  measured  by  airborne  radiometer  and 
SSM/I.  In  addition,  the  third  Stokes  parameter  not 
shown  in  the  literature  is  seen  to  have  approxi¬ 
mately  twice  the  magnitude  of  the  azimuth  variation 
of  either  Th  or  Ty.  The  results  indicate  that  passive 
polarimetry  is  a  potential  tool  in  the  remote  sensing 
of  ocean  wind  vector. 

To  interpret  the  polarimetric  active  remote  sensing 
data  of  saline  ice,  we  have  developed  a  random 
medium  model  using  the  radiative  transfer  theory. 
The  ice  layer  is  described  as  a  host  ice  medium 
embedded  with  randomly  distributed  inhomogene¬ 
ities,  and  the  underlying  sea  water  is  considered  to 
be  a  homogeneous  halfspace.  The  random 
medium  model  is  characterized  by  a  correlation 
function  described  by  correlation  lengths  in  both  the 
horizontal  and  vertical  directions.  Multiple  scattering 
effects  are  accounted  for  by  solving  the  radiative 
transfer  equations  numerically.  The  effects  of 
random  roughness  at  the  air-ice  and  ice-water  inter¬ 
faces  are  accounted  for  by  modifying  the  boundary 
conditions  in  the  radiative  transfer  equations.  Anal¬ 
ysis  of  the  model  for  reconstruction  of  sea  ice  para¬ 
meters  is  made.  An  optimization  approach  is  used 
for  inversion.  The  discrepancy  between  the  data 
and  the  results  of  the  forward  model  is  minimized 
by  changing  the  inversion  parameters  according  to 
a  nonlinear  programming  scheme.  Reconstruction 
of  correlation  lengths  in  the  horizontal  and  vertical 
dimensions  has  been  accomplished  using  the 
polarimetric  backscattering  coefficients  at  different 
angles  of  incidence  as  input  data.  Effects  of  data 
diversity  and  noise  on  the  reconstruction  of  the 
physical  parameters  of  sea  ice  from  the  backscat¬ 
tering  coefficients  are  being  investigated. 

Vegetation  canopy  can  be  modeled  as  either  a 
mixture  of  multiple-species  discrete  scatterers 
described  by  a  certain  size,  shape,  and  orientation 
distributions,  or  a  continuous  random  medium  char¬ 
acterized  by  correlation  functions.  A  layer  model  is 
developed  and  applied  to  interpret  radar  backscat¬ 
tering  coefficients  at  5.3  GHz  for  a  soybean  canopy. 
The  canopy  is  modeled  as  a  random  medium  con¬ 
taining  spheroidal  scatterers  for  the  leaves.  The 
data  were  taken  over  an  extended  time  period  from 
the  early  to  late  stages  of  vegetation.  The  theore¬ 
tical  results  and  the  experimental  data  are  in  good 
agreement.  The  lateral  correlation  length  is 


264  RLE  Progress  Report  Number  136 


Chapter  1 .  Electromagnetic  Wave  Theory  and  Applications 


observed  to  be  highly  correlated  with  the  canopy 
fractional  volume.  With  consideration  of  the  interre¬ 
lations  among  biophysical  parameters,  the  model  is 
then  used  to  simulate  backscattering  coefficients 
under  various  conditions.  The  results  provide  sensi¬ 
tivity  domains  of  radar  responses  to  soil  moisture 
and  vegetation  biomass  for  inversion  assessment. 
Furthermore,  the  polarization  signatures  of  the  veg¬ 
etation  canopy  are  synthesized  to  illustrate  struc¬ 
tural  information  conveyed  by  polarimetric  data. 


1.2  Electromagnetic  Waves  in 
Multilayer  Media 
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The  electromagnetic  radiation  from  a  VLSI  chip 
package  and  heatsink  structure  is  analyzed  by 
means  of  the  finite-difference  time-domain  (FDTD) 
technique.  The  dimensions  of  a  typical  configura¬ 
tion  calls  for  a  multizone  gridding  scheme  in  the 
FDTD  algorithm  to  accommodate  fine  grid  ceils  in 
the  vicinity  of  the  heatsink  and  package  cavity  and 
sparse  gridding  in  the  remainder  of  the  computa- 
tionai  domain.  The  issues  pertaining  to  the  effects 
of  the  heatsink  in  influencing  the  overall  radiating 
capacity  of  the  configuration  are  addressed.  Ana¬ 
lyses  are  facilitated  by  using  simplified  heatsink 
models  and  by  using  dipole  elements  as  sources  of 
electromagnetic  energy  to  model  the  VLSI  chip. 
The  potential  for  enhancement  of  spurious  emis¬ 
sions  by  the  heatsink  structure  is  illustrated.  For 
heatsinks  of  typical  dimen^'ons,  resonance  is  pos¬ 
sible  within  the  low  gigahertz  frequency  range.  The 
exploitation  of  the  heatsink  as  an  emissions  shield 
by  appropriate  implementation  schemes  is  dis¬ 
cussed  and  evaluated. 

The  use  of  equipment  enclosures  to  shield  against 
emissions  and  external  energy  is  a  common  prac¬ 
tice.  Efforts  range  from  metal  impregnated  plastics 
to  thick  steel  panels  incorporating  waveguide 


design  in  air  vents.  The  choice  of  complexity 
depends  on  system  performance  and  application. 
The  question  has  often  been  raised  as  to  whether 
high  field  intensities  within  such  enclosures  will 
affect  equipment  performance.  Clearly,  this  is 
increasingly  pertinent  in  cases  of  heavy  shielding 
where  resonator-like  structures  with  high  quality 
factors  result.  Moreover,  in  these  cases,  any  energy 
leakage  may  be  highly  frequency  selective  with 
substantial  associated  field  strength.  The  primary 
motivation  for  studying  such  structures  is  that  com¬ 
puters  are  now  operating  at  faster  speeds  and  con¬ 
suming  more  power,  resulting  in  significantly 
increased  leveis  of  power  at  higher  frequencies. 
The  finite-difference  time-domain  (FD-TD)  technique 
is  used  in  analyzing  this  problem  and  the  metrics 
are  total  radiated  power  and  field  patterns  within  the 
enclosure.  The  excitation  sources  are  a  line  current 
source  for  the  two-dimensional  models  and  dipoles 
for  the  three-dimensional  cases.  A  Gaussian  ampli¬ 
tude  is  assumed  in  order  to  obtain  multifrequency 
characteristics  and  to  exhibit  the  resonance  proper¬ 
ties  of  the  model.  In  addition  to  the  radiated  power 
through  the  apertures,  the  power  absorbed  in  the 
resistive  materiai  is  also  calculated. 

In  high-speed  digital  circuits,  high  frequency  phe¬ 
nomena  affects  the  characteristics  of  the  intercon¬ 
nections.  Physicai  discontinuities  or 

non-uniformities  in  the  connections  may  cause 
severe  reflections  when  they  no  longer  act  like  con¬ 
ducting  wires,  but  behave  like  transmission  lines 
and/or  waveguides.  In  multilayered  digital  circuits, 
vias  constitute  one  of  the  most  commonly-used 
class  of  interconnects.  Vias  are  not  good  carriers 
of  high-speed  signals  because  they  cause  signal 
distortion  and  reflections  as  well  as  severe  degra¬ 
dation  in  the  high  frequency  components.  Previ¬ 
ously,  analysis  and  modeling  of  a  single  via  and 
some  quasi-static  or  quasi-TEM  analyses  of  single 
via  configurations  have  been  carried  out. 

To  date,  analysis  of  coupled  noise  between  adja¬ 
cent  vias  has  received  very  little  attention.  This  is 
mainly  because  of  the  complexity  of  multi-via  struc¬ 
tures  and  the  difficulty  of  modeling  and  analyzing 
them  accurately  over  a  broad  frequency  range. 
The  electromagnetic  coupling  between  two  adjacent 
vias  in  a  multilayered  integrated  circuit  is  analyzed 
by  means  of  equivalent  magnetic  frill  array  models 
incorporated  with  the  even-  and  c^-mode 
approach.  Closed-form  expressions  for  the  coupled 
noise  on  the  passive  via  are  derived.  The  coupling 
responses  in  the  frequency  domain  and  crosstalk 
waveforms  in  the  time  domain  for  some  multilay¬ 
ered  via  structures  are  calculated  based  on  these 
formulas.  A  four-layer  experimental  model  is  con¬ 
structed,  and  measurements  are  taken  for  the 
transmission,  reflection,  and  coupling  responses. 
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Measurements  show  good  agreement  with  calcu¬ 
lated  results  over  a  frequency  range  of  up  to  18 
GHz. 


1.3  Simulation  of  Electromagnetic 
Wave  Scattering 
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This  is  a  long-term  project  for  the  development  of  a 
comprehensive  theoretical  model  for  computer  sim¬ 
ulation  of  three-dimensional  micro-  and  millimeter 
wave  scattering  and  emission  phenomena.  Our 
major  tasks  include  (1)  a  simulation 
program— development  of  a  baseline  simulation  that 
includes  the  effect  of  environment,  hard  targets, 
atmospheric  absorption  and  scattering,  and  ground 
reflection;  (2)  validation  and 

documentation — generation  of  a  synthetic  scene  for 
comparison  with  real  data  and  production  of  user 
manuals  and  validation  reports;  and  (3)  upgrade 
assessment — studies  of  models  that  can  be  added 
to  the  baseline  simulation  and  various  ways  to  inte¬ 
grate  the  models. 

Our  immediate  goals  in  this  research  project  are  to 
(1)  assemble  any  physical  models  available  that 
satisfy  the  minimum  requirements  defined  above 
and  (2)  build  a  preliminary  simulation  package 
using  these  models.  The  simulation  package 
should  demonstrate  the  process  of  generating 
scenes  from  standard  input  data  sets  and  the  possi¬ 
bility  of  direct  or  indirect  comparison  with  recorded 
images. 

We  have  developed  a  baseline  simulation  package 
with  X-window/Motif  graphical  user  interface.  This 
program  (1)  first  accesses  the  GIS  feature  map  and 
elevation  map  and  creates  displays  of  them,  (2) 
allows  a  user  to  identify  and  highlight  particular 


terrain  features  in  the  map  region  from  a  menu,  and 
(3)  interfaces  with  the  background  terrain  scattering 
coefficient  database  created  the  EMSARS 
li^ram  and  the  clutter  statistics  model  to  generate 
simulated  radar  images.  A  simple  terrain  shad¬ 
owing  effect  is  included.  The  current  database  is 
created  using  the  random  medium  volume  scat¬ 
tering  model  and  composite  rough  surface  scat¬ 
tering  model. 


1.3.1  Publications 

Gu,  Q.,  Y.E.  Yang,  and  M.A.  Tassoudji.  "Modeling 
and  Analysis  of  Vias  in  Multilayered  Integrated 
Circuits."  IEEE  Trans,  on  Microwave  Theory 
Tech.  41(2):  206-241  (1993). 

Johnson,  J.,  J.A.  Kong,  R.T.  Shin,  D.H.  Stealin,  K. 
O'Neill,  and  A.W.  Lohanick.  "Third  Stokes 
Parameter  Emission  from  a  Periodic  Water 
Surface."  IEEE  Trans.  Geosci.  Remote  Sens. 
31(5):  1066-1080  (1993). 

Kong,  J.A.  "Electromagnetic  Fields."  In  Electrical 
Engineering  Handbook.  Ed.  R.C.  Dorf.  Boca 
Raton,  Florida:  CRC  Press,  Inc.,  1993. 

Li,  K.,  C.F.  Lee,  S.Y.  Poh,  R.T.  Shin,  and  J.A. 
Kong.  "Application  of  FDTD  Method  to  Analysis 
of  Electromagnetic  Radiation  from  VLSI 
Heatsink  Configurations."  IEEE  Trans. 
Electromag.  Compability  35{2):  204-214  (1993). 

Nghiem,  S.V.,  J.A.  Kong,  H.C.  Han,  T.  Le  Toan, 
and  M.  Borgeaud.  "Layer  Model  with  Random 
Spheroidal  Scatterers  for  Remote  Sensing  of 
Vegetation  Canopy."  J.  Electromag.  Waves 
App/.  7(1):  49-57(1993). 

Nghiem,  S.V.,  R.  Kwok,  J.A.  Kong,  and  R.T.  Shin. 
"A  Model  with  Ellipsoidal  Scatterers  for  Poiar- 
imetric  Remote  Sensing  of  Anisotropic  Layered 
Media."  Radio  Sci.  28(5):  687-703  (1993). 

Oates,  J.,  R.T.  Shin,  D.  Oates,  M.  Tsuk,  and  P. 
Nguyen.  "A  Nonlinear  Transmission  Line  Model 
for  Superconducting  Stripline  Resonators."  IEEE 
Trans.  Appl.  Superconduct.  3(1):  17-22  (1993). 

Veysoglu,  M.E.,  R.T.  Shin,  and  J.A.  Kong.  "A  Finite- 
Difference  Time-Domain  Analysis  of  Wave  Scat¬ 
tering  from  Periodic  Surface:  Oblique  Incidence 
Case."  J.  Electromag.  Waves  Appl.  7(12): 
1595-1607  (1993). 


266  RLE  Progress  Report  Number  136 


Chapter  1.  Eleciromaenetic  Wave  Theory  arni  Applications 


Meeting  Papere 

Atkins,  R.G.,  R.T.  Shin,  and  J.A.  Kong.  "Scattering 
from  an  Electrically  Large  Target  Beneath  a 
Layer  of  Random  Media."  Paper  presented  at 
the  1993  Progress  in  Electromagnetics 
Research  Symposium  at  the  Jet  Propulsion  Lab¬ 
oratory,  California  Institute  of  Technology, 
Pasadena,  California,  July  12-16, 1993. 

Au,  W.C.,  R.T.  Shin,  and  J.A.  Kong.  "Electromag¬ 
netic  Wave  Scatttering  by  a  Fractal  Structure." 
Paper  presented  at  the  1993  Progress  in  Elec¬ 
tromagnetics  Research  Symposium  at  the  Jet 
Propulsion  Laboratory,  California  Institute  of 
Technoiogy,  Pasadena,  California,  July  12-16, 
1993. 

Bourissou,  A.,  K.  Pham,  W.C.  Au,  J.A.  Kong,  and  T. 
Le  Toan.  "Two  Stage  Classification  Method  of 
Polarimetric  SAR  images  using  Fractal  Con¬ 
cepts."  Paper  presented  at  the  1993  Interna¬ 
tional  Geoscience  and  Remote  Sensing 
Symposium  (IGARSS93),  Japan,  August  18-21, 
1993. 

Coutu,  P.,  C.C.  Hsu,  R.T.  Shin,  and  J.A.  Kong. 
"Radiative  Transfer  Theory  for  Active  Remote 
Sensing  of  Sea  Ice."  Pa^r  presented  at  the 
1993  Progress  in  Electromagnetics  Research 
Symposium  at  the  Jet  Propulsion  Laboratory, 
California  Institute  of  Technology,  Pasadena, 
Calfiornia,  July  12-16, 1993. 

Ewe,  H.T.,  W.C.  Au,  R.T.  Shin,  and  J.A.  Kong. 
"Classification  of  SAR  Images  using  Fractal 
Approach."  Paper  presented  at  the  1993  Pro¬ 
gress  in  Electromagnetics  Research  Symposium 
at  the  Jet  Propulsion  Laboratory,  California  Insti¬ 
tute  of  Technology,  Pasadena,  California,  July 
12-16, 1993. 

Gu,  Q.,  M.A.  Tassoudji,  S.Y.  Poh,  R.T.  Shin,  and 
J.A.  Kong.  "Coupled  Noise  Analysis  for  Adjacent 
Vias  in  Multilayered  Digital  Circuits."  Paper  pre¬ 
sented  at  the  1993  Progress  in  Electromagnetics 
Research  Symposium  at  the  Jet  Propulsion  Lab¬ 
oratory,  California  Institute  of  Technology, 
Pasadena,  California,  July  12-16, 1993. 

Han,  H.C.,  and  J.  A.  Kong.  "Radiative  Transfer 
Model  for  Active  and  Passive  Remote  Sensing 
of  Vegetation  Canopy."  Paper  presented  at  the 
International  Union  of  Radio  Science  (URSI) 
meeting,  Ann  Arbor,  Michigan,  June  27-July  2, 
1993. 

Han,  H.C.,  and  J.A.  Kong.  "Active  Radiative 
Transfer  Theory  under  the  Continuous  Random 


Medium  Approach.”  Paper  presented  at  the 
1993  Progress  in  Electromagnetics  Research 
Symposium  at  the  Jet  Propulsion  Laboratory, 
California  Institute  of  Technology,  Pasadena, 
California,  July  12-16, 1993. 

Hsu,  C.C.,  R.T.  Shin,  arxl  J.A.  Kong.  "Modeliing 
Obscured  Point  ^urce  Response  or  Radar 
Signal  under  Foliage.”  Paper  presented  at  the 
International  Society  for  Optical  Engineering 
(SPIE),  Orlando,  Florida,  April  12-16, 1993. 

Hsu,  C.C.,  R.T.  Shin,  J.A.  Kong,  A.  Beaudoin,  T.  Le 
Toan.  "Application  of  Radiative  Transfer  Model 
for  Remote  Sensing  of  Forest.”  Paper  presented 
at  the  1993  Progress  in  Electromagnetics 
Research  Symposium  at  the  Jet  Propulsion  Lab¬ 
oratory,  California  Institute  of  Technology, 
Pasadena,  California,  July  12-16, 1993. 

Hsu,  C.C.,  R.T.  Shin,  J.A.  Kong,  A.  Beaudoin,  and 
T.  Le  Toan.  "Application  of  Theoretical  Model 
for  Microwave  Remote  Sensing  of  Forest." 
Paper  presented  at  the  1993  International 
Geoscience  and  Remote  Sensing  Symposium 
(IGARSS'93),  Japan,  August  18-21, 1993. 

Hsu,  C.C.,  Y.E.  Yang,  R.T.  Shin,  J.A.  Kong,  C. 
Kohler,  T.  Nguyen,  H.  Nguyen.  "Discrete  Scatter 
Model  for  Deciduous  Tree:  MMW  Scattering 
Simulation."  Paper  presented  at  the  Ground 
Target  Modeling  and  Validation  (GTMV)  Confer¬ 
ence,  Marquette,  Michigan,  August  24-26, 1993. 

Huang,  G.T.  and  R.T.  Shin.  "Theoretical  Models  for 
Low-altitude  Propagation  Over  Terrain."  Paper 
presented  at  the  1993  Progress  in  Electromag¬ 
netics  Research  Symposium  at  the  Jet  Propul¬ 
sion  Laboratory,  California  Institute  of 
Technology,  Pasadena,  California,  July  12-16, 
1993. 

Johnson,  J.T.  ,  R.T.  Shin,  J.A.  Kong,  S.H.  Yueh, 
S.V.  Nghiem,  and  R.  Kwok.  "Polarimetric 
Thermal  Emission  from  Randomly  Rough  Oc»an 
Surfaces;  a  Numerical  Study."  Paper  presented 
at  the  Applied  Computational  Electromagnetics 
Symposium,  Monterey,  California,  March  22-26, 
1993. 

Johnson,  J.T.,  J.A.  Kong,  R.T.  Shin,  D.H.  Staelin, 
S.H.  Yueh,  S.V.  Nghiem,  R.  Kwok,  K.  O'Neill, 
and  A.  Lohanick.  "Polarimetric  Thermal  Emis¬ 
sion  from  Rough  Surfaces."  Paper  presented  at 
the  1993  Progress  in  Electromagnetics 
Research  Symposium  at  the  Jet  Propulsion  Ud>- 
oratory,  California  Institute  of  Technology, 
Pasadena,  California,  July  12-16, 1993. 


267 


Chapter  1 .  Electromagnetic  Wave  Theory  and  Applications 


Kong,  J.A.  "Theoretical  Models  for  Remote  Sensing 
of  Earth  Terrain."  P^r  presented  at  the  1993 
International  Symposium  on  Radio  Propagation 
(ISRP'93),  Beijing,  China,  August  18-21, 1993. 

Kong,  J.A.  "Theoretical  Model  for  Remote  Sensing 
of  Vegetation."  Paper  presented  at  the  Interna¬ 
tional  Union  of  Radio  Science  (URSI)  Meeting, 
Kyoto,  Japan,  August  25-September  2, 1993. 

Kong,  J.A.,  C.C.  Hsu,  and  H.C.  Han.  "Theoretical 
Model  for  Remote  Sensing  of  Vegetation." 
Paper  presented  at  the  Third  International  Sym¬ 
posium  on  Antennas  and  EM  Theory  (ISAE'93), 
Southeast  University,  Nanjing,  China,  Sep¬ 
tember  6-9,  1993. 

Kong,  J.A.,  C.C.  Hsu,  and  H.C.  Han.  "Theoretical 
Model  for  Remote  Sensing  of  Earth  Terrain." 
Paper  presented  at  the  4th  International  Sympo¬ 
sium  on  Recent  Advancement  in  Microwave 
Technology  (ISRAMr93),  New  Delhi,  India, 
December  15-18,  1993. 

Li,  K.,  M.A.  Tassoudji,  S.Y.  Poh,  R.T.  Shin,  and  J.A. 
Kong.  "Electromagnetic  Radiation  from 
Modules-on-Backplane  Configurations  in  Com¬ 
puter  Systems."  Paper  presented  at  the  1993 
Progress  in  Electromagnetics  Research  Sympo¬ 
sium  at  the  Jet  Propulsion  Laboratory,  California 
Institute  of  Technology,  Pasadena,  California, 
July  12-16,  1993. 

Mou,  A.,  Y.E.  Yang,  and  J.A.  Kong.  "Analyses  of 
Single  and  Coupled  Dielectric  Rib  Waveguides 
and  Discontinuities  using  the  Finite-Difference 
Time-Domain  Method."  Paper  presented  at  the 
1993  Progress  in  Electromagnetics  Research 
Symposium  at  the  Jet  Propulsion  Laboratory, 
California  Institute  of  Technology,  Pasadena, 
California,  July  12-16, 1993. 

Tassoudji,  M.A.,  K.  Li,  R.T  Shin,  J.A.  Kong,  and 
M.J.  Tsuk.  "Electromagnetic  Fields  in  Metallic 
Enclosures  Lined  with  Resistive  Material."  Paper 
presented  at  the  1993  Progress  in  Electromag¬ 
netics  Research  Symposium  at  the  Jet  Propul¬ 
sion  Laboratory,  California  Institute  of 
Technology,  Pasadena,  California,  July  12-16, 
1993. 

Veysoglu,  M.E.,  P.  Coutu,  R.T.  Shin,  J.A.  Kong, 
and  A.K.  Jordan.  "Inversion  of  Microwave  Mea¬ 
surements  to  Reconstruct  Sea  Ice  Parameters." 
Paper  presented  at  the  1993  Progress  in  Elec¬ 
tromagnetics  Research  Symposium  at  the  Jet 
Propulsion  Laboratory,  California  Institute  of 
Technology,  Pasadena,  California,  July  12-16, 
1993. 


Veysoglu,  M.E.,  R.T.  Shin,  and  J.A.  Kong.  "Wave 
Scattering  from  Periodic  Rough  Surfaces:  Time- 
Domain  Analysis  of  Oblique  Incidence  Case." 
Paper  presented  at  the  1993  Progress  in  Elec¬ 
tromagnetics  Research  Symposium  at  the  Jet 
Propulsion  Laboratory,  Califomia  Institute  of 
Technology,  Pasadena,  California,  July  12-16, 
1993. 

Veysoglu,  M.E.,  J.A.  Kong,  and  C.C.  Hsu.  "Polar- 
imetric  Scattering  Model  for  Inversion  of  Sea  ice 
Parameters."  Paper  presented  at  the  Interna¬ 
tional  Union  of  Radio  Science  (URSI)  Meeting, 
Kyoto,  Japan,  August  25-September  2, 1993. 

Wang,  L,  R.T.  Shin,  J.A.  Kong,  and  S.H.  Yueh. 
"A^lication  of  Neural  Network  to  Remote 
Sensing  of  Soil  Moisture  using  Theoretical 
Polarimetric  Backscattering  Coefficients."  Paper 
presented  at  the  1993  Progress  in  Electromag¬ 
netics  Research  Symposium  at  the  Jet  Propul¬ 
sion  Laboratory,  Califomia  Institute  of 
Technology,  Pasadena,  Califomia,  July  12-16, 
1993. 

Yamaguchi,  M.,  Q.  Gu,  Y.E.  Yang,  and  J.A.  Kong. 
"Transient  Analysis  of  Dispersive  Signal  Lines 
Terminated  with  CMOS  Devices."  Paper  pre¬ 
sented  at  the  1993  Progress  in  Electromagnetics 
Research  Symposium  at  the  Jet  Propulsion  Lab¬ 
oratory,  California  Institute  of  Technology, 
Pasadena,  California,  July  12-16,  1993. 

Yang,  Y.E.,  Q.  Gu,  M.A.  Tassoudji,  R.J.  Kelly,  G.J. 
Markey.  "Statistical  Model  of  FM-Broadcast 
Interference  to  the  Instrument  Landing  Systems 
(ILS)."  Paper  presented  at  the  1993  Progress  in 
Electromagnetics  Research  Symposium  at  the 
Jet  Propulsion  Laboratory,  Califomia  Institute  of 
Technology,  Pasadena,  California,  July  12-16, 
1993. 

Yuan,  Y.,  J.A.  Kong,  P.S.  Kao,  and  R.T.  Shin. 
"Theoretical  and  Experimental  Analysis  of  Mul¬ 
tiple  Antennas  Attached  to  Coated  Bodies  of 
Revolution."  Paper  presented  at  the  International 
Union  of  Radio  Science  (URSI)  Meeting,  Ann 
Arbor.  Michigan,  June  27-July  2, 1993. 

Yuan,  Y.,  J.A.  Kong,  P.S.  Kao,  and  R.T.  Shin. 
"Radiation  and  Scattering  by  Antennas  Attached 
to  Coated  Bodies  of  Revolution."  Paper  pre¬ 
sented  at  the  1993  Progress  in  Electromagnetics 
Research  Symposium  at  the  Jet  Propulsion  Lab¬ 
oratory,  Califomia  Institute  of  Technology, 
Pasadena,  Califomia,  July  12-16, 1993. 


268  RLE  Progress  Report  Number  136 


Chapter  1 .  Electromagnetic  Wave  Theory  and  Applications 


Yuan,  Y.,  Y.E.  Yang,  and  J.A.  Kong.  "Integral 
Equation  Analysis  of  Coupled  Microstrip  Lines 
with  Ferromagnetic  Thin  Film."  Paper  presented 
at  the  1993  Progress  in  Electrom^netics 
Research  Symposium  at  the  Jet  Propulsion 
oratory,  California  Institute  of  Technology, 
Pasadena,  California,  July  12-16, 1993. 

Yueh,  S.H.,  R.  Kwok,  F.K.  U,  S.V.  Nghiem,  W.J. 
Wilson,  and  J.A.  Kong.  "Polarimetic  Passive 
Remote  Sensing  of  Wind-Generated  Sea  Sur¬ 
faces  and  Ocean  Wind  Vectors."  Paper  pre¬ 
sented  at  Oceans  '93,  Victoria,  British  Columbia, 
Canada,  October  18-21, 1993. 

Yueh,  S.H.,  S.N.  Nghiem,  R.  Kwok,  W.J.  Wilson, 
F.K.  Li,  J.T.  Johnson,  J.A.  Kong,  and  P.  Kao. 
"Polarimetric  Thermai  Emission  from  Periodic 
Water  Surface."  Paper  presented  at  the  1993 
Progress  in  Electromagnetics  Research  Sympo¬ 
sium  at  the  Jet  Propuision  Laboratory,  California 
institute  of  Technoiogy,  Pasadena,  Caiifornia, 
July  12-16,  1993. 


1.4  Superconducting  Transmission 
Lines 


1.4.1  Simulations  of  Vortices  in  Arrays  of 
Josephson  Junctions 
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Contract  MDA972-90-C-0021 
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D.  Bock,  Professor  Terry  P.  Orlando,  Professor 
Jacob  K.  White 

Vortices  play  a  central  role  in  determining  the  static 
and  dynamic  properties  of  two-dimensional  (2D) 
superconductors.  Artificially  fabricated  networks  of 
superconducting  islands  weakly  coupled  by 
Josephson  junctions  are  model  systems  to  study 
the  behavior  of  vortices.  Studies  of  vortices  in 
Josephson  junction  arrays  generally  neglect  the 
magnetic  fields  induced  by  currents  flowing  in  the 
array;  i.e.,  it  is  assumed  that  the  penetration  depth 
for  flux  A  is  much  larger  than  the  size  of  the  array. 
With  the  present  niobium  technology,  arrays  have 
been  made  with  A  of  the  order  of  the  cell  size; 


therefore,  effect  of  induced  fields  must  be  consid¬ 
ered  for  an  accurate  description  of  these  systems. 

We  use  numerical  simulation  to  investigate  how  a 
variety  of  static  vortex  properties  are  affected  by 
finite  penetration  depth  A,  and  we  calculate  for  the 
first  time  the  self-consistent  current  and  magnetic 
fields  from  a  vortex  in  a  2D  array.  We  find  that  to 
calculate  the  correct  current  and  field  distributions, 
we  must  include  nearly  all  mutual  inductance  terms 
to  account  for  the  full  3D  behavior  of  the  magnetic 
fields.  However,  to  calculate  the  energy  barrier  for 
cell  to  cell  vortex  motion,  which  was  first  shown  by 
Lobb,  Abraham,  and  Tinkham  (LAT)  to  be  0.2  Ej, 
where  Ej  is  the  Josephson  coupling  energy, 
including  only  self  and  nearest  neighbor  induc¬ 
tance's  is  sufficient.  The  LAT  calculation  neglected 
the  presence  of  induced  magnetic  fields.  We  show 
that  induced  fields  may  increase  the  energy  bam'er 
substantiaiiy  above  0.2  Ej.  Our  calcuiations  also 
show  that  the  thermodynamic  lower  critical  field  of 
the  array  is  enhanced  when  the  computation  self- 
consistently  accounts  for  induced  magnetic  fields 
and  that  by  using  oniy  a  seif-inductance  term  to 
model  the  induced  fields,  the  lower  critical  field  is 
overestimated. 

There  has  been  much  recent  interest  in  the  proper¬ 
ties  of  Josephson-junction  arrays  driven  by  DC  and 
AC  currents,  particuiarly  in  the  study  of  fractionai 
and  subharmonic  Shayoiro  step  structure.  While  the 
occurrence  of  fractional  steps  in  a  magnetic  field 
seems  to  be  explained  by  a  phenomenologicai 
model  of  a  moving  vortex  superlattice,  the  origin  of 
subharmonic  structure,  particularly  in  zero  applied 
field,  is  less  clear.  Several  explanations  have  been 
proposed,  including  inductive  (self-field)  effects. 
There  has  also  been  long-standing  interest  in  the 
use  of  Josephson  arrays  as  coherent  microwave 
sources,  and  recently  the  first  observation  of 
coherent  emission  from  2D  Josephson-junction 
arrays  was  reported.  The  arrays  used  in  the  exper¬ 
iments  had  high  critical  currents,  indicating  that  the 
strength  of  the  magnetic  fields  induced  in  these 
arrays  by  circulating  supercurrents  is  fairly  large. 
However,  there  have  been  relatively  few  dynamic 
studies  of  Josephson  arrays  that  consider  the  effect 
of  induced  magnetic  fields;  and  most  of  the  pre¬ 
vious  treatments  have  severely  approximated  the 
form  of  the  induced  fields. 

We  have  made  dynamic  simulations  of  2D 
Josephson  arrays  where  inductive  effects  are 
important.  We  have  included  the  mutual  inductance 
interactions  between  all  cell  pairs  in  the  arrays 
when  necessary  to  calculate  the  correct  screening 
properties  of  the  induced  field.  We  find  that 
induced  magnetic  fields  can  produce  subharmonic 
Shapiro  step  structure  in  zero  applied  magnetic 
field,  and  we  have  developed  a  qualitative 
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description  of  the  movement  of  vortices  on  the  sub¬ 
harmonic  Shapiro  steps.  Although  the  symmetry¬ 
breaking  effect  of  the  self-fields  can  generate 
subharmonic  Shapiro  steps,  the  steps  do  not 
appear  to  be  due  to  the  formation  of  an  induced 
commensurate  vortex  state  at  the  edges  of  the 
array.  Another  effect  of  the  self-fields  is  that  in 
arrays  with  penetration  depths  small  relative  to  the 
size  of  the  array,  the  screening  effects  due  to 
induced  fields  may  be  strong  enough  to  destroy 
phase-locking  over  some  parameter  range,  signif¬ 
icantly  reducing  the  width  of  the  giant  Shapiro 
steps.  Thus,  for  coherent  emission  from  2-0 
arrays,  self-field  effects  must  be  reduced. 


1.4.2  Superconducting  Transmission  Lines 
Sponsor 
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A  full-wave  spectral-domain  volume-integral- 
equation  method  has  been  developed  to  analyze 
various  configurations  of  superconducting  trans¬ 
mission  lines:  microstrip  lines,  striplines,  coplanar 
strips,  and  coplanar  waveguides.  In  the  formu¬ 
lation,  a  spectral-domain  Green's  function  for 
isotropic,  layered  media  is  used  to  set  up  an  inte¬ 
gral  equation  for  the  electric  field  inside  the  super¬ 
conducting  strips.  Galerkin's  method  with  roof-top 
basis  functions  is  employed  to  solve  for  the 
complex  propagation  constant  and  current  distribu¬ 
tion.  The  characteristic  impedance  of  the  structures 
is  then  obtained  from  transmission  line  theory.  This 
method  rigorously  accounts  for  the  anisotropy  and 
the  finite  thickness  of  the  superconducting  films, 
yielding  accurate  characterization  for  the  loss  and 
kinetic  effect  of  the  superconductors.  However,  this 
technique  is  computationally  inefficient. 

To  implement  an  efficient  method,  an  equivalent 
surface  impedance  is  used  to  transform  the  super¬ 
conducting  strip  with  finite  thickness  to  an  infinitely 
thin  strip.  This  equivalent  surface  impedance 
accounts  for  the  loss  and  kinetic  inductance  of  the 
superconductors.  An  empirical  formula  for  the 
current  distribution  in  a  thin  superconducting  film  is 


determined  for  the  derivation  of  the  equivalent 
surface  impedance.  To  include  effects  of  aniso¬ 
tropic  substrates,  a  2-D  dyadic  Green's  function  for 
anisotropic,  layered  media  is  used  to  formulate  an 
integral  equation  for  the  surface  current.  Galerkin's 
method  with  entire-domain  basis  functions  is  used 
to  solve  for  the  complex  propagation  constant  and 
the  surface  current.  The  characteristic  imp^ance 
is  then  calculated  using  the  power-current  definition. 
This  method  has  been  used  to  analyze  supercon¬ 
ducting  single  and  coupled  microstrip  lines  on 
anisotropic  substrates. 

A  closed-form  expression  was  found  for  the  current 
distribution  in  an  isolated  strip  made  from  a  super¬ 
conducting  thin  film  with  thickness  less  than  a  few 
penetration  depths.  This  equation  gives  a  good 
approximation  within  certain  limits  for  the  resistance 
and  inductance  per  unit  length  of  superconducting 
striplines  and  microstrip  lines.  Both  the  ac  resist¬ 
ance  of  an  isolated  superconducting  strip  and  the 
resistance  per  unit  length  of  a  superconducting 
stripline  calculated  using  this  closed-form 
expression  agree  well  with  the  numerical  results 
generated  by  the  modified  Weeks'  method.  The 
possibility  now  exists  of  using  this  expression  along 
with  the  integral  equation  method  to  develop  an  effi¬ 
cient  full-wave  method  for  analyzing  supercon¬ 
ducting  planar  transmission  lines. 


1.4.3  Discrete  Superconducting  Vortex 
Flow  Transistors 
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Vortex  Flow  transistors  (VFT)  are  of  renewed 
interest  after  a  discrete  flux-flow  device  made  of 
weak  links  in  a  high-temperature  film  has  demon¬ 
strated  promising  results.  Current  gains  higher  than 
one,  transresKstances  of  the  order  of  10  Q,  a 
maximum  output  voltage  of  about  20  mV,  and 
speeds  of  the  order  of  50  ps  were  obtained.  Flux- 
flow  devices  were  proposed  more  than  10  years 
ago  and  were  fabricated  in  a  long  continuous 
Josephson  junction.  There  are  two  versions  of  a 
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VFT  in  long  Josephson  junctions;  one  is  a  device 
made  of  a  long  overdamped  junction  (the 
McCumber  parameter  1)  and  the  other  is  made 
with  an  underdamped  junction  {Pe>^)-  The  disad¬ 
vantages  of  iong  Jc»ephson  junctons  are  that  the 
output  resistance  is  iow  (much  smaller  than  1  Q) 
and  that  the  output  voltage  is  generally  much 
smaller  than  1  mV.  Moreover,  it  is  dif^tt  to 
manipulate  the  parameters  and  improve  the 
response  time  of  the  device.  Discrete  vortex  flow 
transistors  (DVFT)  overcome  these  difficulties. 

Vortex  Flow  Transistors  (VFT)  are  three-terminai 
devices:  a  gate  current  regulates  the  number  of 
vortices  in  the  device  and  a  bias  current  causes  the 
vortices  to  move  which  leads  to  a  voltage  propor¬ 
tional  to  the  number  of  vortices.  A  OVFT  consists 
of  a  parallel  array  of  Josephson  junction  which  are 
coupled  to  each  other  by  superconducting  wires. 
Each  junction  is  separated  from  its  neighbor  by  the 
lattice  constant  p  of  the  cell.  An  important  param¬ 
eter  in  discrete  10  arrays  is  the  penetration  depth 
Aj.  in  units  of  p,  which  is  a  measure  of  the 
discreteness  of  the  systpo^The  penetration  depth 
Aj  is  defined  as  Aj-yU/U  Here,  L.  is  the  seif- 
inductance  of  a  cell  in  the  array  and  Uj  is  the 
Josephson  inductance,  U/ -  4>o/(27rle),  where  Oo  is 
the  flux  quantum  and  le  is  the  critical  current  of  a 
single  junction.  For  Aj<  1 ,  vortices  are  well  local¬ 
ized  objects:  whereas,  for  Aj»  1  vortices  are 
spread  out  over  several  cells.  From  measurements 
of  Fiske  modes  in  underdamped  arrays,  we  have 
determined  that  in  our  DVFT  geometry,  L,-  l.lpoP- 
We  also  have  shown  that  for  overdampml  DVFTs 
one  would  like  to  have  Aj  <  1 . 

We  have  fabricated  discrete  overdamped  vortex 
flow  transistors  (DVFTs)  made  of  short  niobium 
Josephson  tunnel  junctions  connected  in  parallel. 
The  results  of  our  DVFT  compare  with  the  high-Tc 
devices  and  long  continuous  Josephson  junctions. 
We  have  also  done  model  calculations  on  our 
DVFT  which  are  in  good  agreement  with  our  exper¬ 
imental  results.  We  calculated  the  current  gain, 
transresistance,  the  output  voltage  and  output 
resistance.  Our  model  is  also  applicable  to  other 
ID  discrete  systems  and  can  also  be  used  to  model 
long  Josephson  junctions.  Our  analysis  shows  that, 
when  disregarding  the  lower  temperatures  and 
voltage  levels  in  low-Tc  materials,  DVFTs  made  of 
niobium  tunnel  junctions  can  perform  at  the  level 
comparable  to  the  present  high-Tc  flux-flow  devices. 


1.4.4  Rske  Modes  in  One-Dimonslonai 
Parallel  Joeephaon-Junction  Arrays 
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A  one-dimenstonal  array  of  Joseph^n  junctions 
connected  in  parallel  by  superconducting  wires  may 
qualitatively  be  viewed  as  a  discrete  version  of  a 
single  continuous  Josephson  junction.  In  a  mag¬ 
netic  field,  a  continuous  underdamped  Josephson 
junction  shows  currents  steps  in  the  current-voltage 
characteristic  which  are  known  as  Rske  modes. 
The  voltage  differences  between  adjacent  Fiske- 
steps  map  out  the  dispersion  relation  for  electro¬ 
magnetic  waves  of  ID  systems.  In  a  magnetic 
field,  the  dispersion  relation  cu(k)  is  linear  for  a  con¬ 
tinuous  system  with  some  clamping,  but  should 
bend  and  exhibit  standing  wave  behavior  near  the 
Brillouin  zone  for  a  discrete  system.  Moreover,  in 
discrete  arrays  the  flux  through  one  cell  couples  to 
ne^hboring  cells  through  the  mutual  inductances. 
This  effect  is  generally  neglected  in  long  Josephson 
junctions  where  the  magnetic  field  is  assumed  to  be 
only  parallel  to  the  junction  surface. 

In  arrays,  the  discreteness  parameter  is  defined  as 
the  ratio  of  the  Josephson  inductance  Ui  to  the  self¬ 
inductance  of  the  individual  loops  U-  The  square 
root  of  the  discreteness  parameter  is  the  pene¬ 
tration  depth  (Aj)  for  ID  discrete  system  expressed 
in  units  of  the  latttice  spacing,  Aj  -  •  For 

Aj  >  1 ,  vortices  extend  over  several  array  cells  and 
the  phase  of  the  vortices  can  be  approximated  by  a 
sinusoidal  wave.  This  is  the  linear  regime  where 
for  a  long  continuous  Josephson  junction  the  Fiske 
mode  analysis  has  been  done.  There  has  not  been 
a  systematic  analysis  of  discrete  arrays  in  this 
linear  regime.  In  the  linear  regime  long  Josephson 
junctions  may  be  used  as  flux-flow  oscillators  and 
paramteric  amplifiers  in  the  millimeter  and  sub^ 
millimeter  wave  range. 

We  have  studied  resonances  in  underdamped,  dis¬ 
crete  one-dimensional  Josephson  junction  arrays 
with  AS»  1,  so  that  a  linear  approximation  can  be 
used.  We  have  shown  that  in  general  the  position 
of  the  resonances  is  determined  by  the  dispersion 
relation  of  a  transmission  line  of  inductors  U  con¬ 
nected  in  parallel  with  capacitors  C  alone,  which 
replace  the  Josephson  junctions.  In  calculating  the 
dispersion  relation,  we  have  taken  into  account  the 
inductances  between  adjacent  cells  Un  and 
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observed  good  agreement  with  the  experimental 
data.  Consequently,  from  measuring  the  voltages 
where  the  steps  occur,  one  can  construct  the  dis¬ 
persion  relation  of  the  10  discrete  system.  We 
have  also  measured  resonances  in  a  ID  array 
where  the  primitive  cell  consists  of  two  different 
lattice  cells.  We  have  observed  an  acoustic  branch 
in  the  dispersion  relation  for  low  frequencies  and  an 
optical  branch  for  higher  frequencies  which  are  in 
agreement  with  numerical  simulations  of  the  full 
dynamics. 

Our  Fiske  mode  analysis  on  1 D  arrays  may  also  be 
important  from  a  more  applied  point  of  view.  With 
current  injected  at  one  of  the  edges  of  a  ID  array, 
the  array  critical  current  varies  linearly  with  appli^ 
field  and  the  slope  in  this  region  depends  on 
Aj  and  Lnn/Lf  From  measuring  Fiske  modes  in  a 
ID  array,  one  can  obtain  Lnn/L,  and  L.C  so  that  this 
critical  current  measurement  yields  U  (Ui  is  known 
because  the  junction  critical  current  is  known)  which 
in  turn  yields  the  junction  capacitance.  Note,  that  in 
this  procedure  all  quantities  are  measured  and  that 
no  additional  information  about  the  barrier  or  the 
dielectrics  is  needed.  We  have  used  this  method  to 
determine  the  specific  junction  capacitance  as  a 
function  of  the  critical  current  density  for  the  PARTS 
process.  Moreover,  the  array  critical  current  as  a 
function  of  applied  field  determines  the  current  gain 
of  a  discrete  vortex  flow  transistor  and  mutual 
inductance  effects  can  be  taken  into  account 
through  Un/La.  Thus,  a  good  understanding  of  the 
dynamics  of  ID  arrays  with  inclusion  of  mutual 
inductances  can  be  used  to  determine  circuit  para¬ 
meters  accurately  which  is  essential  when 
designing  SFQ  devices  and  circuits  with  discrete 
vortex  flow  transistors. 
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1.1  Extragalactic  Radio  Source  Studlea 
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There  were  four  principal  objectives  carried  out 
during  1993.  These  were:  (1)  an  investigation  of 
possible  means  of  directly  detecting  exoplanets 
(planets  orbiting  other  stars);  (2)  searches  for  gra¬ 
vitational  lenses;  (3)  a  general  study  of  extragalactic 
radio  sources;  and  (4)  an  experiment  to  detect 
primitive  hydrogen  concentrations  at  the  epoch 
before  galaxy  formation  began. 


1.1.1  Exoplanets 

The  investigation  of  exoplanets  is  a  continuation  of 
work  carried  out  during  the  previous  four  years  for 
the  Office  of  Solar  System  Exploration  of  the 
National  Aeronautics  and  Space  Administration 
(NASA).  Professor  Burke  senred  as  chairman  of  a 
Science  Working  Group  which  studied  how  NASA 
could  formulate  a  program  to  search  for  and  study 


the  formation  and  evolution  of  exoplanets.  Pro¬ 
fessor  Burke  was  the  Editor-in-Chief  of  a  report, 
Toward  Other  Planetary  Systems.  Since  that  report 
was  issued  by  NASA,  work  has  continued  on  the 
problem  of  direct  detection  of  exoplanets. 
Interferometric  methods  using  aperture-synthesis 
methods  that  are  commonly  used  in  radio 
astronomy  offer  a  promising  approach  to  this  diffi¬ 
cult  problem,  and  preliminary  designs  for  such 
systems  have  been  studied. 


1.1.2  The  Search  for  Gravitational  Lenaes 

The  search  for  gravitational  lenses  is  being  carried 
out  by  making  "snapshot"  radio  maps  with  the  Very 
Large  Array  (VLA)  of  the  National  Radio  Astronomy 
Observatory  (NRAO).  The  core  source  list  is  the 
MG  (MIT-Greenbank)  Survey,  and  the  work  is 
referred  to  as  the  MG  mapping  project.  Nearly 
10,000  maps  of  radio  sources  have  been  gathered, 
and  approximately  4,000  of  these  have  been 
reduced  by  a  new  procedure  that  greatly  improves 
the  accuracy  and  signal-to-noise  ratios  of  the  final 
maps.  These  are  then  examined  to  see  if  morpho¬ 
logical  structures  are  evident  that  are  characteristic 
of  gravitational  lensing-^he  distortion  of  radio 
signals  from  distant  radio  galaxies  by  foreground 
galaxies,  resulting  in  the  production  of  multiple 
images.  A  new  example  of  the  type  called  an 
"Einstein  Quad"  was  discovered  duririg  the  current 
year  and  is  being  readied  for  publication.  Several 
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candidates  have  also  been  identified  as  "Einstein 
Rings,"  and  they  are  now  being  scnjtinized  more 
closely  to  verify  that  they  are  examples  of  gravita¬ 
tional  tensing.  To  date,  our  group  has  discovered 
six  well-established  examples  of  tensing;  this  is  the 
largest  number  found  by  any  group  in  the  world. 


1.1.3  The  Study  of  Extragalactic  Radio 
Sources 

The  collection  of  radio  maps  that  have  been  pro¬ 
duced  are  useful  for  many  other  purposes.  A  col¬ 
lection  of  close  double  sources,  with  angular 
separations  of  under  an  arc-second,  was  studied 
with  the  British  aperture-synthesis  array  known  as 
MERLIN.  This  improves  upon  the  angular  resolu¬ 
tion  of  the  VLA  by  a  factor  of  five,  and  from  that 
work  a  collection  of  about  15  "compact  steep-  spec¬ 
trum  radio  galaxies"  has  been  identified.  A  sample 
of  about  150  close  double  sources  is  being 
observed  optically,  in  collaboration  with  H.  Spinrad 
of  the  University  of  California  at  Berkeley,  to  deter¬ 
mine  the  redshifts  of  the  parent  object,  and  about 
80  redshifts  have  been  obtained  so  far.  Finally,  a 
collaboration  with  the  Australia  Telescope  of  the 
Australian  CSIRO  has  resulted  in  the  preparation  of 
the  Parkes-MIT-NRAO  (PMN)  Sun/ey  of  radio 
sources  at  6  cm  wavelength.  This  survey  covers 
the  southern  sky,  from  the  equator  to  the  South 
Celestial  Pole,  and  increases  the  number  of  known 
radio  sources  in  the  Southern  Celestial  Hemisphere 
by  an  order  of  magnitude.  Two  sections  have 
already  been  published,  the  Southern  Survey 
(declinations  -36  to  -87  degrees)  and  the  Tropical 
Survey  (declinations  -9  to  -30  degrees). 


1.1.4  Detection  of  Primitive  Hydrogen 
Concentrations 

A  new  observational  experiment  was  started  this 
year,  in  collaboration  with  P.  Horowitz  of  Harvard 
University.  The  universe  is  known  to  us  on  the 
largest  scale  through  studies  of  quasars  and  gal¬ 
axies  and  by  the  cosmic  microwave  background 
(CMB).  The  CMB  is  at  a  redshift  of  about  1,000 
and  represents  the  greatest  distance  that  can  be 
studied  by  present  methods.  Galaxies  and  quasars 
are  more  local,  having  been  detected  in  a  limited 
way  out  to  redshifts  of  about  4.8.  The  formation  of 
galaxies  and  quasars  captures  most  of  the  primeval 
hydrogen,  which  was  initially  the  most  common 
constituent  of  the  universe.  It  appears  that  beyond 
a  redshift  of  about  5,  the  galaxies  were  still  being 
formed,  and  there  should  be  large  concentrations  of 
neutral  hydrogen  still  in  the  process  of  contracting 


to  form  galaxies.  An  experiment  has  been  mounted 
to  look  for  these  primeval  concentrations,  using  the 
Aredbo  Observatory  in  Puerto  Rico,  where  the 
1,000-foot  radio  telescope  is  ideally  suited  to  this 
search.  A  radio  spectrometer  is  now  under  con¬ 
struction,  and  a  prototype  section  of  the 
spectrometer  has  been  built  and  is  currently  under¬ 
going  tests  at  the  Arecibo  Observatory. 
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Supp.  90: 179-295  (1994). 
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Ekers.  The  Parkes-MIT-NRAO  (PMN)  Surveys: 

III.  Source  Catalogue  for  the  Tropical  Survey 
(-29  degrees<S<-9.5  degrees)."  Astroph.  J. 
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Lecture,  International  Union  for  Aeronautics  and 
Astronautics,  Graz,  Austria,  October  1993. 
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1.2  Studies  of  Gravitational  Lenses 

Sponsors 

Alfred  P.  Sloan  Fellowship 
David  and  Lucile  Packard  Fellowship 
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John  D.  Ellithorpe,  Charles  A.  Katz,  Mark  D. 
Messier,  Christopher  B.  Moore 

Gravitational  lenses  provide  radio  astronomers  with 
the  opportunity  to  re-examine  many  long-standing 
problems  in  astrophysics.  Two  of  these  problems, 
addressed  by  the  work  described  here,  are  (1)  the 
nature  and  distribution  of  luminous  and  dark  matter 
in  galaxies  and  (2)  the  calibration  of  the  age  and 
scale  of  the  universe  (i.e.,  the  determination  of  the 
cosmological  Hubble  parameter). 

These  applications  require  that  the  distribution  of 
gravitating  matter  be  inferred  from  observed 
imaging  properties  of  the  lens.  This,  in  turn, 
requires  that  we  make  detailed  measurements  of 
the  brightness  distribution  of  the  image.  Detailed 
radio  maps  of  two  gravitationally  lensed 
extragalactic  sources,  MG1 131 +0456  and 
MG041 4+0534,  are  being  compiled  from  data  taken 
with  the  National  Radio  Astronomy  Observatory 
(NRAO)  Very  Large  Array  (VLA)  radio  telescope 
and  the  recently  completed  telescopes  of  the  NRAO 
Very  Long  Baseline  Array  (VLBA).  Figure  1  pre¬ 
sents  a  VLA  image  of  MG1131  that  shows  the 
polarization  properties  of  the  object.  The  unusual 
morphology  is  due  to  the  gravitational  lens  that  dis¬ 
torts  the  background  radio  source  into  a  system  of 
arcs  that  form  a  ring. 

Figure  2  shows  MG0414;  the  four  components  are 
believed  to  be  images  of  the  same  background 
quasar.  The  polarization  information  of  figure  1  and 
the  high-resolution  imaging  of  figure  2  are  being 
exploited  to  model  the  mass  distribution  of  the  lens. 
This  project  is  being  carried  out  in  collaboration  with 
Professor  Christopher  Kochanek  of  Harvard  Univer¬ 
sity. 

In  a  gravitational  lens  system,  there  are  differences 
in  the  propagation  time  in  the  order  of  days  to 
months  for  the  different  ray  paths  associated  with 
the  images  of  the  background  source.  Monitoring 
programs  aimed  at  measuring  these  time  delays 
are  being  carried  out  with  the  VLA.  Analysis  of 
these  light  curves  has  shown  that  their  variations 


are  correlated,  providing  further  evidence  that  the 
MG0414  system  is  gravitationally  lensed  and  indi¬ 
cating  that,  with  increased  signal-to-noise,  time 
delays  will  be  measurable.  Measurements  of  the 
time  delays  would  provide  a  gauge  of  the  distances 
involved  In  the  geometry  of  the  gravitational  lens 
system.  Such  an  Independent  measure  of  distance 
would  provide  a  calibration  of  the  cosmological 
Hubble  parameter.  The  monitoring  is  continuing. 
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Hewitt,  J.N.  "Using  Gravity  as  a  Lens:  A  New  Tool 
for  Astronomers”  (Harlow  Shapley  Lecturer). 
Saint  John  Fisher  College  Department  of 
Physics  Public  Lecture,  February  24, 1993. 

Hewitt,  J.N.  "Gravitational  Lenses,  Time  Delays, 
and  Hubble's  Constant."  Boston  University 
Department  of  Astronomy  Colloquium,  February 
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1.3  Radio  Interferometry  of  Nearby  dMe 
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Christopher  B.  Moore 

dMe  stars  are  dwarf  M  stars  that  show  evidence  of 
unusual  surface  activity.  For  some  time,  these 
dwarf  stars  have  been  known  to  flare  strongly  at 
optical  and  radio  wavelengths.  More  recently,  it 
has  been  demonstrated  that  many  dMe  stars  exhibit 
low-level  quiescent  emission  that  is  detectable  by 
Very  Long  Baseline  interferometry  (VLBI).  The 
detection  of  dMe  stars  on  VLBI  baselines  makes 
possible  measurement  of  ther  position  with  high 
precision  and  shows  that  astrometric  detection  of 
planetary  companions  may  be  feasible.  The 
astrometric  monitoring  program  has  continued  with 


the  analysis  of  data  at  three  epochs  spanning  three 
years. 


1.4  Tlw  DctBCtlon  of  Astronomical 
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Charles  A.  Katz,  Christopher  B.  Moore 

The  detection  of  radio  transients  of  astrophysical 
origin  is  of  interest  for  a  number  of  reasons.  First, 
some  already  well  studied  sources  are  known  to 
exhibit  radio  transients,  and  further  characterizing 
their  nature  would  increase  our  understanding  of 
the  emission  processes  involved.  Examples  include 
ttie  sun,  flare  stars,  and  interactii^  stellar  systems. 
Second,  there  have  been  serendipitous  discoveries 
of  radio  transients,  apparently  of  astrophysical 
origin,  but  with  no  known  counterpart  at  other  wave¬ 
lengths.  Since  these  may  represent  a  new  class  of 
object,  we  would  like  to  establish  whether  they  are 
natural  phenomena  and  ascertain  their  frequericy  of 
occurrence.  Third,  transients  at  other  wavelen^s 
are  known  to  exist.  The  NASA  Compton  Gamma 
Ray  Observatory  is  detecting  gamma  ray  bursts  at 
a  rate  of  approximately  one  per  day.  X-ray  tran¬ 
sients  have  also  been  detect^;  some  of  these  are 
associated  with  transient  radio  sources.  In  the  near 
future,  an  all-sky  monitor  will  be  launched  on  the 
X-ray  Transient  Explorer.  An  all-sky  radio  monitor 
is  needed  to  detect  any  radio  counterparts  to  the 
x-ray  and  gamma  ray  transients  and  to  put  upper 
limits  on  their  fiuence.  Finally,  because  of  the  con¬ 
fusion  with  man-made  interference,  the  investigation 
of  radio  phenomena  on  short-time  scales  is  an  area 
that  has  not  been  fully  explored.  As  such,  there  is 
potential  for  the  discovery  of  new  phenomena. 

To  address  the  scientific  questions  outlined  above, 
we  are  proposing  constmetion  of  a  network  of 
geographically  separated  correlating  arrays.  The 
technical  feasibility  of  the  project  depends  critically 
on  the  levels  of  man-made  radio  interference  at  the 
sites  being  considered.  Current  efforts  are  geared 
toward  measuring  the  interference  environment,  as 
well  as  developing  a  design  for  the  arrays. 
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Figure  1.  A  VLA  image  of  the  polarized  radio  emission  in  the  gravitational  lens  MG1 13-f0456. 
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Flguro  2.  Radio  images  of  the  gravitational  lens  MG0414.  The  low-resolution  image  is  constnjcted  from  data  taken  with 
the  VLA.  The  insets  show  high  resolution  images  constructed  from  data  taken  with  the  newly  completed  VLBA  antennas 
and  correlated  at  Haystack  Cbservatory. 


1.5  Algorithms  for  Advanced 
Microwave  Sounding  Unit  Operational 
Use 

Sponsor 

MIT  Lincoln  Laboratory 
Agreement  BX-4975 

Project  Staff 

Or.  Philip  W.  Rosenkranz,  Michael  J.  Schwartz 

This  project  provides  scientific  support  to  the 
National  Oceanic  and  Atmospheric  Administration 
(NOAA).  for  the  Advanced  Microwave  Sounding 
Unit  (AMSU),  which  is  scheduied  for  iaunch  on 
NOAA  poiar-orbiting  weather  sateilites  starting  in 
1995,  and  aiso  for  follow-on  instruments.  The  effort 
emphasizes  development  of  atmospheric  transmit¬ 
tance  algorithms,  estimation  of  surface  emissivity 
and  precipitation,  issues  related  to  instrument 
design  and  specification,  and  general  retrieval 
methods. 


Measurements  from  the  MIT  aircraft-based  Micro¬ 
wave  Temperature  Sounder  and  from  present  satel¬ 
lite  radiometers,  such  as  the  Microwave  Sounding 
Unit,  are  used  to  develop  and  test  prototype  algo¬ 
rithms. 

A  rapid  algorithm  for  computing  transmittance  in  the 
mesosphere,  where  the  oxygen  lines  are  split  by 
the  terrestriai  magnetic  field,  has  been  developed. 
This  algorithm  should  prove  useful  for  processing 
data  from  future  generations  of  satellite  instruments 
(beyond  AMSU). 


1.6  Earth  Observing  System:  Advanced 
Microwave  Sounding  Unit 

Sponsor 

National  Aeronautics  and  Space  Administration/ 
Goddard  Space  Flight  Center 
Contract  NAS  5-31276 
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Pr0i«ct  Staff 

Professor  David  H.  Staelin,  Dr.  Philip  W. 
Rosenkranz,  John  W.  Barrett,  Michael  J.  Schwartz. 
Michelle  S.  Spina,  Carlos  R.  Cabrera 

The  AMSU  will  provide  microwave-band  measure¬ 
ments  to  the  Atmospheric  Infrared  Sounder  (AIRS), 
which  wili  be  a  faciiity  instrument  on  NASA's 
planned  Earth  Observing  System  (EOS).  This  effort 
is  directed  toward  developing  aigorithms  for  the 
retrieval  of  temperature  and  humidity  profiles,  pre¬ 
cipitation,  sea  ice,  iand  snow  cover,  and  other  para¬ 
meters.  The  temperature  and  humidity  profiles 
obtained  from  AMSU  are  intended  to  provide  initial 
conditions  for  the  AIRS  infrared  cioud-correction 
and  profile  retrieval  algorithms.  Work  to  date  has 
focused  on  simulation  efforts.  A  rapid  (as  distin¬ 
guished  from  iine-by-iine)  microwave  transmittance 
algorithm  for  lower-atmospheric  oxygen,  water 
vapor  and  iiquid  water  was  developed. 

Artificial  neural  network  techniques  have  been 
applied  to  retrieval  of  humidity  profiles  from  simu¬ 
lated  microwave  spectral  observations.^  At  pres¬ 
sures  greater  than  700  mb  over  land,  an 
improvement  of  severai  percent  in  reiative  humidity 
was  obtained  in  comparison  to  the  statistical  itera¬ 
tive  technique.^  Preliminary  work  indicates  that 
neural  networks  can  provide  more  compact  repre¬ 
sentations  of  radiometric  data  than  linear  methods 
can. 


1.6.1  Publications 

Cabrera-Mercader,  C.R.,  and  D.H.  Staelin. 
"Passive  Microwave  Relative  Humidity 
Retrievais  using  Feedforward  Neurai  Networks." 
Submitted  to  IEEE  Trans.  Geosci.  Remote  Sens. 

Thesis 

Cabrera-Mercador,  C.R.  Neural  Network  Statistical 
Retrieval  of  Atmospheric  Water  Vapor  from 
Microwave  Radiometric  Observations.  S.M. 
thesis.  Dept,  of  Eiectr.  Eng.  and  Comput.  Sci., 
MiT,  1993. 


1.7  Hlgh-Resolution  Passive  Microwave 
Imaging  of  Atmospheric  Structure 

Sponsor 

National  Aeronautics  and  Space  Administration/ 
Goddard  Space  Flight  Center 
Grant  NAG  5-10 

Project  Staff 

Professor  David  H.  Staelin.  John  W.  Barrett,  Dr. 
Philip  W.  Rosenkranz,  Michael  J.  Schwartz,  Paul 
W.  Fieguth 

The  MiT  Microwave  Temperature  Sounder  (MTS)  is 
a  dual-band  radiometer,  incorporating  an  imaging 
spectrometer  at  118  GHz  artd  a  tunable  fixed-beam 
radiometer  at  52-54  GHz.  This  instrument  is  flown 
on  the  NASA  ER-2  high-altitude  aircraft.  In  Feb¬ 
ruary  1993,  we  operated  the  MTS  on  ER-2  fiighte 
bas^  at  Townsville,  Australia.  These  flights  were 
an  adjunct  to  the  international  TCXaA-COARE 
experiment.  Two  overpasses  of  tropical  cydone 
Oliver  were  made,  yielding  unique  high-resolution 
images  at  1 18  GHz. 

In  September  and  October  1993,  we  partidpated  in 
the  CAMEX  experiment,  in  which  the  ER-2  was 
based  at  Waliops  Island,  Virginia.  It  flew  under¬ 
neath  a  DMSP  satellite  and  over  convective  activity 
near  Florida.  Besides  the  MTS,  other  instruments 
simiiar  to  those  that  will  be  on  EOS  were  on  board. 

On  other  flights  during  these  two  experiments, 
upward-obsenring  profiles  of  atmospheric  brightness 
temperature  were  obtained.  These  will  be  used  to 
test  atmospheric  transmittance  algorithms. 


1.7.1  Publications 

Fieguth,  P.W.,  and  D.H.  Staelin.  "High-Accuracy 
Profiler  that  Uses  Depth  from  Focus."  Sub¬ 
mitted  to  Appl.  Opt. 

Kuo,  C.C.,  D.H.  Staelin,  and  P.W.  Rosenkranz. 
"Statistical  Iterative  Scheme  for  Estimating 
Atmospheric  Relative  Humidity  Profiles."  IEEE 
Trans.  Geosci.  Rem.  Sens.  Forthcoming. 


2  C.R.  Cabrera-Mercador,  Neural  Network  Statistical  Retrieval  of  Atmospheric  Water  Vapor  from  Mtcrowave  Radtometic  Observatkms, 
S.M.  thesis,  Dept,  of  Eiectr.  Eng.  and  Comput.  Sd.,  MIT,  1993;  C.R.  Cabrera-Mercader  and  D.H.  Staelin,  'Passive  Microwave  Rela¬ 
tive  Humidity  Retrievals  using  Feedforward  Neural  Networks,'  submitted  to  IEEE  Trans.  Geosci.  Remote  Sens. 

3  C.C.  Kuo,  D.H.  Staelin,  arxf  P.W.  Rosenkranz,  'Statistical  Iterative  Scheme  for  Estimating  Atmospheric  Reiative  Humidity  Profiles,' 
IEEE  Trans.  Qeosd.  Ram.  Sens.,  forthcoming. 
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Rosenkranz,  P.W.  "Absorption  of  Microwaves  by 
Atmospheric  Gases."  Chapter  2  in  Atmospheric 
Remote  Sensing  by  Microwave  Rartiometry.  Ed. 
M.A.  Janssen.  New  Yoilc  John  Wiiey,  1993. 


1.8  Rapid  Precision  Nat-Form 
Manufacturing 

Sponsor 

MiT  Leaders  for  Manufacturing  Program 
Project  Staff 

Professor  David  H.  Staelin,  Paul  W.  Fieguth 

An  active  CCD-based  imaging  system  developed  in 
1992  was  further  documented.*  It  can  measure 
shapes  optically  within  a  scannable  voiume  of  ~20 
cubic  inches  with  rms  accuracies  of  as  little  as  50 
nm  for  mirror-like  surfaces,  and  ~1-2  micrometers 
for  surfaces  like  chalk,  plastic,  and  copper. 


1.9  Conformal  Experiment  Design 

Sponsor 

MIT  Leaders  for  Manufacturing  Program 


1.10  Recognition  of  Natural  Nearly 
Repetitive  Signals 

Sponsor 

MIT  Leaders  for  Manufacturing  Program 
Project  Staff 

Professor  David  H.  Staelin,  Kevin  G.  Christian 

Dolphins  (and  some  machinery)  emit  nearly  repeti¬ 
tive  whistles  resembling  bird  song.  A  database  of 
1169  dolphin  whistles  from  22  animals  was  com¬ 
pressed  by  converting  them  to  single  frequency- 
versus-time  traces  and  then  to  a  16-dimensional 
coding  space  where  each  dimension  is  a  linear  or 
nonlinear  operator  on  the  trace.  Consideration  of 
the  accuracy  with  which  dolphins  could  repeat  their 
own  whistles  within  this  16-D  space  suggests  their 
vocabulary  could  potentially  exceed  a  billion  distin¬ 
guishable  whistles.  However,  when  the  accuracy 
with  which  one  dolphin  could  reproduce  the  signa¬ 
ture  whistles  of  another  was  considered,  the  poten¬ 
tial  shared  distinguishable  signature-whistle 
vocabulary  of  dolphins  appeared  to  be  limited  to 
less  than  a  few  hundred  whistles.  This  result  is 
based  on  sufficiently  limited  copying  data  that 
extending  these  experiments  is  important  if  defini¬ 
tive  results  are  to  be  obtained. 


Project  Staff 

Professor  David  H.  Staelin,  Paul  W.  Fieguth, 
Rizwan  R.  Koita,  Michelle  S.  Spina 

We  continued  our  work  on  the  development  of  a 
user-friendly  program  to  assist  engineers  with  both 
experiment  design  and  analysis  of  results.  The 
program  accepts  a  list  of  control  parameters  and 
interactions  between  them  in  their  a  priori  estimated 
order  of  importance  so  that  orthogonal  experiment 
arrays  can  be  designed  to  minimize  confusion  when 
experimental  results  are  interpreted. 

This  program  and  its  experiment  design  were 
^piied  to  the  design  of  automotive  fuel  pumps  to 
improve  their  pressure,  flow,  efficiency,  and  other 
characteristics.  From  eight  trial  pumps  with  three 
control  variables,  it  was  found  that  simple  modifica¬ 
tions  to  a  minor  part  could  profitably  increase  the 
manufacturing  yield  of  certain  products. 


This  database  of  1169  whistles  was  also  used  in 
whistle-retrieval  experiments  in  which  the  whistle  in 
the  database  nearest  to  a  new  input  whistle  was  to 
be  retrieved  in  minimum  time.  It  was  found  that 
~35-53  msec  was  the  average  retrieval  time  for  a 
non-optimized  program  on  a  SparcStation  2  when 
only  the  six  dimensions  with  the  highest  signal-to- 
noise  ratios  were  employed  for  retrievals.  The 
algorithm  employed  was  slower  if  other  than  six 
dimensions  were  used  for  the  initial  addressing 
step.® 

Thesis 

Christian,  K.G.  Generic  Compression  and  Recall  of 
Signals  with  /plication  to  Dolphin  Whistles. 
Ph.D.  diss..  Dept  of  Electr.  Eng.  and  Comput. 
Sci.,  MIT,  1993. 


*  P.W.  Fieguth  and  D.H.  StaeKn,  ’High-Accuracy  Profiler  that  Uses  Depth  from  Focus,'  submitted  to  Appl.  Opt 

s  K.G.  Christian.  Generic  Compression  and  Recall  of  Signals  with  Application  to  Dolphin  Signals,  Ph.D.  diss.,  Dept,  of  Electr.  Eng.  and 
Comput.  Set.,  MIT,  1993. 
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Acadwnic  and  Raaaarch  Staff 

Professor  Jonathan  Allen,  Professor  John  L  Wyatt,  Jr..  Professor  Jacob  K.  White,  Professor  Srinivas 
Devadas,  Professor  Dimitri  A.  Antoniadis,  Professor  Berthokf  K.P.  Horn,  Professor  Hae-Seung  Lee,  Pro¬ 
fessor  Steven  B.  Leeb,  Professor  Terry  P.  Oriando,  Professor  Martin  A.  Sdimidt,  Professor  Stephen  0. 
Senturia,  Professor  Charles  G.  Sodini,  Dr.  Robert  C.  Armstrong.  Dr.  Craig  L  Keast 

Visiting  Scientists  snd  Rssssrch  Affiliates 

Dr.  Andrew  Lumsdaine,'  Dr.  Ichiro  Masaki,^  Dr.  Herre  S.J.  van  der  Zant,  Dr.  He  Yie> 

Graduate  Students 

Mazhar  M.  Alidina,  Donald  G.  Baltus,  Vishal  L.  Bhagwati,  Xuejun  Cai,  Michael  Chou,  Steven  J.  Decker,  Lisa 
G.  Dron,  Ibrahim  M.  Elfadel,  J.  Mikko  Hakkarainen.  Frederick  P.  Herrmann.  Mattan  Kamon,  Songmin  Kim, 
Stan  Y.  Uao,  David  R.  Martin,  Robert  G.  McDonidd,  Ignacio  S.  McQuirk,  Jos6  C.  Monteiro,  Keith  S.  Nabors, 
Joel  R.  Phillips,  Khalkf  Rahmat.  Mark  W.  Reichelt,^  W.  John  Rinderknecht,  Mark  N.  Seidel,  Amelia  H.  Shen, 
Luis  M.  Silveira,  Chin  Hwee  Tan,  Christopher  B.  Umminger,  Paul  C.  Yu 

Technical  and  Support  Staff 
Susan  E.  Chafe,  Dorothy  A.  Fleischer 


1.1  Custom  integrated  Circuits 

Sponsors 

IBM  Corporation 
National  Science  Foundation 

Protect  Staff 

Professor  Jonathan  Allen,  Dr.  Robert  C.  Armstrong, 
Donald  G.  Baltus,  Robert  G.  McDonald,  Chin  Hwee 
Tan 

The  overall  goal  of  VLSI  computer-aided  design 
(CAD)  research  is  to  provide  the  means  to  produce 
custom  integrated  circuits  quickly,  correctly,  and 
economically.  Traditionally,  correctness  has  been 
verified  at  several  representational  levels  of 
abstraction,  such  as  required  topologies  for  given 
circuit  families  (e.g.,  static.  CMOS)  and  stipulated 
logic  formalisms.  These  techniques  for  checking 
correctness  are  usually  local  to  the  particular  repre¬ 
sentational  level  involved  and,  while  they  are 


1  Notre  Dame  University,  Notre  Dame,  ImAana. 

2  Computer  Sdenoe  Department,  General  Motors  Research  Laboratory,  Warren,  Michigan. 

3  Microelactronics  Center,  Southeast  University,  Nanjing,  China. 

*  Mathworks,  Natick,  Massachusetts. 

s  J.  Alien,  ’Performance-Directed  Synthesis  ot  VLSI  Systems,’  Pmc.  IEEE  78(2):  336-35S  (1990). 


important  components  of  the  overall  design  testing 
procedure,  they  do  not  attempt  to  provide  for  the 
alignment  and  consistency  checks  between  the  dif¬ 
ferent  abstract  representational  levels  and  an  input 
behavioral  specification,  in  addition,  they  do  not 
characterize  the  set  of  possible  designs  at  each 
representational  level  corresponding  to  the  initial 
functional  specification  in  a  way  that  ranges  over 
the  wide  variety  of  possible  perfomiance  levels. 
For  this  reason,  there  is  a  strong  need  to  provide 
CAD  tools  that  serve  as  a  framework  for  design 
exploration  when  performance  is  a  parameter,  thus 
providing  the  desired  performance  together  with 
consistently  aligned  representations  at  all  levels. 

This  research  group  studies  a  variety  of  topics  with 
an  emphasis  on  performance-directed  synthesis  of 
custom  VLSI  designs.  An  overview  of  the  viewpoint 
that  motivates  these  projects  is  provided  in  a  major 
survey  paper*  in  which  the  need  for  coordinating 
the  design  optimization  process  over  the  several 
levels  of  representation  is  emphasized.  Since 
design  exploration  is  so  central  to  the  production  of 
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high-performance  designs,  emphasis  is  placed  on 
how  performance  can  be  characterized  at  the 
several  levels  of  representation  and  how  overall 
optimal  performance  can  be  achieved  in  an  inte¬ 
grated  way. 

The  conversion  of  a  high-level  functional  specifica¬ 
tion  to  a  detailed  mask  layout  for  a  substantial  pro¬ 
cessor  is  a  major  task  that  confronts  modem  CAD 
synthesis  systems.  When  the  target  architecture  for 
such  a  system  is  restricted,  however,  it  is  often  pos¬ 
sible  to  introduce  metrics  that  facilitate  optimized 
performance.  With  this  in  mind,  graduate  student 
Donald  G.  Baltus  has  focused  on  the  optimal 
design  of  array  logic  using  systclic  representations 
that  allow  only  nearest  neighbor  communication 
between  processors  in  the  array.  Given  this  archi¬ 
tectural  restriction,  it  is  possible  to  introduce  real¬ 
istic  communication  constraints  into  the  synthesis 
process  so  that  meaningful  optimization  of  total 
delay  for  a  calculation  can  be  achieved.  An  input 
language  called  FLASH  has  been  introduced  to  rep¬ 
resent  algorithms  functionally.  These  algorithms 
are  then  converted  to  data-dependence  graphs  that 
are  augmented  to  provide  indexed  representations, 
thus  allowing  compact  representation  of  calculations 
that  do  not  grow  with  the  size  of  the  array. 

A  major  achievement  of  this  work  is  the  introduction 
of  several  constraints  that  allow  for  substantial 
reduction  of  the  design  space,  yet  without  the  pos¬ 
sibility  of  rejecting  candidates  for  the  optimal 
design.  One  such  constraint  is  due  to  locality, 
which  requires  communication  only  between 
nearest  neighbor  processors.  While  this  constraint 
may  seem  restrictive,  it  introduces  the  benefit  of 
design  compaction  through  a  set  of  regular  transfor¬ 
mations  that  increase  the  performance  of  the 
resultant  configuration.  There  is  a  strong  math¬ 
ematical  basis  for  this  work,  and  it  has  been  shown 
that  the  entire  space  of  all  candidate  designs  is 
comprehensively  searched  in  an  efficient  way.  The 
thesis  that  represents  this  work  is  now  complete, 
and  its  results  were  recently  presented  at  a  meeting 
on  array  architectures.^  It  is  believed  that  this  is  the 
first  time  guaranteed  delay  optimal  designs  for  a 
broad  class  of  systolic  architectures  is  available. 
Experience  with  the  system  has  indicated  that  many 
nonintuitive  designs  are  revealed.  Current  exten¬ 
sions  include  the  coupling  of  this  program  (called 
Descartes)  to  an  augmented  layout  synthesis 
system^  so  that  it  will  be  possible  to  generate  high- 


quality  layouts  directly  from  a  high-level  functional 
specificate  1  for  this  important  class  of  architec¬ 
tures. 

These  results  are  an  important  contribution  to 
systems  synthesis  and  architectural  exploration. 
They  are  fundamentally  and  mathematically  based 
to  scientifically  facilitate  high-quality  synthesis, 
rather  than  being  based  on  heuristic  strategies, 
which  are  often  motivated  from  a  limited  under¬ 
standing  of  the  basic  design  problem. 

In  an  attempt  to  minimize  power  while  pr^eserving 
speed  performance,  graduate  student  Chin  Hwee 
Tan  has  developed  a  design  system  based  on  a 
standard  cell  library  that  seeks  to  provide  the 
minimum  power  implementation  subject  to  a  given 
delay  constraint.  The  motivation  lor  this  research  is 
the  obsenration  that  it  may  be  possible  to  increase 
the  size  of  devices  driving  the  node  in  order  to  gain 
speed  without  an  excessive  power  pene^,  if 
indeed  the  node  can  be  demonstrated  to  switch  at 
a  sufficiently  low  frequency. 

These  studies  take  advantage  of  new  capabilities  to 
estimate  the  switching  frequency  of  nodes  in  (x>mbi- 
national  circuits,  and  hence,  they  represent  a  new 
class  of  studies  based  on  realistic  power  estimates. 
Ms.  Tan  has  created  a  standard  cell  library, 
including  detailed  layouts  where  sizing  has  been 
introduced,  to  achieve  a  range  of  trade-offs 
between  delay  and  pow<>'  Specifically,  three 
designs  for  each  gate  have  ..^een  introduced  in  the 
library  and  are  available  to  the  design  system. 
Once  the  design  has  been  mapped  to  a  set  of 
gates,  and  a  delay  specification  has  been  intro¬ 
duced,  power  minimization  is  achieved  by  initially 
finding  the  critical  path  through  the  network.  This  is 
the  longest  delay  path  in  the  network,  and  hence, 
the  first  candidate  for  the  introduction  of  faster  ceils 
in  order  to  meet  the  delay  specification  while  poten¬ 
tially  minimizing  added  power. 

A  variety  of  strategies  were  introduced  to  increase 
performance,  including  the  identification  of  nodes 
that  present  a  heavy  load  to  the  previous  stage, 
while  also  having  a  low  switching  fr^uency.  These 
nodes  identify  the  previous  stage  as  a  candidate  for 
the  use  of  cell  versions  that  have  wider  transistors 
and  are  capable  of  driving  the  large  load  at  a  higher 
speed.  Reordering  of  inputs  to  gates  (such  as  for  a 
three-input  NAND  gate)  can  be  shown  to  have  a 


6  O.G.  Baltus  and  J.  Allen,  ’Efficient  Exploration  of  Space-Time  Transformations  for  Systolic  Array  Syntfiesis,*  paper  presented  at  the 
International  Conference  on  Application-Specific  Array  Processors,  Venice,  Italy,  Octcfoer  25-27, 19{^. 

1  D.  Baltus  arxl  J.  Allen,  ’SOLO:  A  Generator  of  Efficient  Layouts  from  Optimized  MOS  Circuit  Schematics,’  Proceedings  of  the  Inter¬ 
national  Symposium  on  Circuits  and  Systems,  Espoo,  Finland,  June  1988,  pp.  1647-1650. 
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substantial  effect  on  performance,  while  not  dis¬ 
turbing  the  power  dissipated  by  the  gate.  The  algo¬ 
rithms  in  this  system  provide  a  rigorous  capability  to 
exploit  this  potential.  Techniques  were  also  intro¬ 
duced  to  relax  and  decrease  the  size  of  transistors 
that  are  not  on  and  do  not  influence  the  critical 
path,  and  hence,  these  transistors  may  be  made 
smaller.  This  is  a  desirable  direction  for  several 
reasons,  including  the  fact  that  the  algorithm  tends 
to  equalize  the  delay  of  |:»ths  to  the  network, 
reducing  the  possibility  of  glitches  and  providing  a 
more  optimal  design  from  the  viewpoint  of  wave 
pipelining.  Experience  with  a  wide  class  of  combi¬ 
national  circuits  has  shown  that  it  is  possible  to 
reduce  delay  up  to  43  percent  with  only  an  8 
percent  increase  in  power. 

Possible  extensions  to  the  algorithm  include  the 
development  of  a  similar  yet  separate  algorithm  to 
optimize  deiay  under  a  power  constraint.  In  addi¬ 
tion,  consideration  of  false  paths  will  be  introduced, 
and  the  study  of  basic  techniques  to  optimize 
convex  systems  that  use  discrete  variables  will  be 
made.  Although  this  study  has  focused  only  on 
static  CMOS  circuit  topologies,^  other  circuit  styles 
may  also  be  investigated. 

As  reported  in  previous  RLE  Progress  Reports, 
Armstrong  has  developed  a  comprehensive  system 
for  the  incremental  consistency  maintenance  in  a 
multirepresentational  structural  VLSI  database. 
Since  the  original  presentation  of  this  research,* 
several  extensions  have  been  made.  These  were 
motivated  by  the  overall  complexity  of  the  code 
needed  for  such  a  system  and  requirements  for 
flexibility  and  interfaces  to  a  variety  of  other  CAD 
systems. 

The  most  significant  accomplishment  was  the  gen¬ 
eration  of  the  entire  VLSI  CAD  database  system 
from  high-level  schema  descriptions.  This  capa¬ 
bility  includes  the  potential  for  custom  graphic  user 
interfaces  when  specified  as  schemas.  Using  such 
schemas,  a  few  hundred  lines  of  high-level  code 
can  be  used  to  generate  many  thousands  of  lines 
of  complex  low-level  code  that  is  extremely  difficult 
to  develop  and  is  highly  prone  to  errors.  For 
example,  new  techniques  for  high-speed  constraint 
propagation  were  introduced  through  the  compila¬ 
tion  process  from  high-level  constraint  descriptions 
to  on-line  propagation  code.  This  provides  the 


designer  with  greater  flexibility,  and  also  allows  the 
system  to  be  custom-made  and  generated  quickly. 
In  addition,  the  levels  of  representation  were 
extended  to  include  physical  mask  layout,  whereas 
previously,  only  symbolic  layout  was  represented. 

A  client  interface  to  the  original  system  was  devel¬ 
oped  and  used  with  SPICE  for  a  variety  of  teaching 
a^ications.  For  example,  several  different  inte¬ 
grated  circuit  inverter  configurations  can  be  intro¬ 
duced  and  manipulated  while  almost 
instantaneously  comparing  the  results  available 
from  the  system.  The  SPICE  interface  is  arranged 
so  that  whenever  any  aspect  of  the  circuit  represen¬ 
tation  is  changed,  a  new  SPICE  simulation  is  auto- 
maticaliy  triggered  and  displayed.  This  kind  of 
capability  is  extremely  useful  for  design,  and  it  can 
exploit  the  fact  that  the  design  can  be  manipulated 
at  several  different  levels  of  representation  in  such 
a  way  that  the  database  system  automatically  prop¬ 
agates  these  changes  to  the  circuit  leve  ^pre- 
sentation,  where  they  are  utilized  by  SPIc  nus, 
for  example,  the  user  can  manipulate  a  <c.,jut  in 
such  a  way  that  changes  in  the  circuit  represen¬ 
tation  will  immediately  yield  new  SPICE  waveform 
representations.  The  user  is  also  able  to  attach 
both  current  and  voltage  probes  to  any  point  in  the 
network,  and  multiple  probes  are  easily  accommo¬ 
dated.  Experience  has  been  gained  from  class¬ 
room  use,  and  it  has  been  shown  that  a  greater 
understanding  of  circuit  behavior  can  be  acquired 
from  the  interactive  use  of  this  system. 

Attention  has  also  been  directed  to  the  utilization  of 
this  database  in  relation  to  existing  CAD  systems. 
Feedback  from  industrial  users  has  indicated  the 
need  for  a  client  interface  to  existing  CAD  systems, 
as  well  as  adherence  to  today's  evolving  industry 
standards  for  database  capabilities  and  interface 
styles,  such  as  those  introduced  by  the  CAD 
Framework  Initiative.  Adherence  to  these  specifica¬ 
tions  increases  the  portability  of  the  system  and  its 
overall  usefulness.  Consideration  is  also  being 
given  to  the  possibility  of  using  a  commercial 
object-oriented  database  in  order  to  provide  long¬ 
term  data  storage  functionality.  Nevertheless,  the 
original  database  design  for  this  project  has  demon¬ 
strated  its  ability  to  provide  satisfactory  performance 
in  the  interactive  m^e,  which  has  not  always  been 
possible  with  commercially  based  systems.  There 
are  existing  languages  to  express  high-level 


B  C.H.  Tan  and  J.  Allen,  ’Minimization  of  Power  in  VLSI  Circuits  Using  Transistor  Sizing  Input  Ordering,  and  Statistical  Power  Esti¬ 
mation,'  paper  to  be  presented  at  the  Intemationai  Workshop  on  Low  Power  Design,  Napa,  Califbmia,  April  24-27, 1994. 

9  R.C.  Armstrong  and  J.  Allen,  'FICOM:  A  Framework  for  Incremental  Consistency  Maintenance  in  Multi-Representation,  Structural 
VLSI  Design  Databases,’  Digest  of  Technical  Papers,  lEEE/ACM  International  Conference  on  Computer-Aided  Design,  Santa  Clara, 
California,  November  8-12, 1992,  pp.  336-343. 
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schemas,  such  as  Express,  and  the  utilization  of 
these  languages  is  currently  being  studied. 

In  the  past,  true  single-phase  dock  drcuits  were 
studied  in  Ms.  Lisa  A.  Pickelsimer's  thesis.'”  in 
terms  of  underdanding  the  high-speed  behavior  of 
these  drcuits  and  generating  a  design  methodology 
to  systematically  provide  optimal  designs  in  this 
drcuit  style.  I^w.  an  additional  drcuit  style  is 
being  investigated  that  shows  potential  for 
extremely  high  performance.  Self-resetting  CMOS 
circuits  are  an  interesting  dass  of  drcuits  that  can 
provide  for  very  high  speed  and  utilization  within  a 
wave  pipelining  disdpline.  These  drcuits  do  not 
utilize  level  signals  (except  at  dock  transitions)  and 
instead  generate  pulses;  the  leading  edge  of  which 
is  generated  by  the  normal  drcuit  transftion.  The 
falling  edge  is  generated  by  a  rapid  feedback  loop 
that  automatically  limits  the  length  of  these  pulses. 
While  interesting  examples  of  these  self-resetting 
drcuits  have  been  demonstrated  in  the  literature,  a 
detailed  investigation  of  their  general  properties, 
configurations,  design  methodology,  and  potential 
applications  is  currently  underway  in  graduate 
student  Robert  G.  McDonald's  thesis  project. 

High-performance  computing  performance  for  CAD 
continues  to  be  provided  through  a  variety  of  con¬ 
figurations.  These  indude  the  networking  of 
several  processors  together,  using  the  parallel 
virtual  machine  (PVM)  methodology,  as  well  as  new 
scalable  parallel  architectures  that  provide  for  a 
tighter  coherence  between  the  existing  (workstation¬ 
like)  processors.  Work  is  underway  to  acquire  such 
a  processor,  which  will  be  useful  for  many  CAD 
algorithms  that  exhibit  substantial  parallelism,  as 
well  as  the  support  of  multiple  client  utilization  of 
CAD  databases  with  extremely  fast  communication 
between  processors. 


1.1.1  Meeting  Paper 

Baltus,  D.G.,  and  J.  Allen.  "Effident  Exploration  of 
Space-Time  Transformations  for  Systolic  Array 
Synthesis.”  Paper  presented  at  the  International 
Conference  on  A^llcation-Spectfic  Anay  Pro¬ 
cessors,  Venice,  Italy,  October  25-27, 1993. 


1.2  Analog  VLSI  Syatama  for  imagratad 
Image  Acquialtlon  and  Early  Vlalon 
Proceaaing 
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1.2.1  Project  Summary 

In  real-time  machine  vision  the  sheer  volume  of 
image  data  to  be  acquired,  managed  and  pro¬ 
cessed  leads  to  (1)  communications  bottlenecks 
between  imagers,  memory,  and  processors,  and  (2) 
very  high  computational  demands.  We  are 
designing  and  testing  experimental  analog  VLSI 
systems  to  overcome  these  problems.  Our  goal  is 
to  determine  how  the  advantages  of  analog 
VLSI— high  speed,  low  power  and  small  area— can 
be  exploited  and  its  disadvantagee— limited  accu¬ 
racy,  inflexibility  and  lack  of  storage  capacity— can 
be  minimized.  The  work  is  concentrated  on  early 
vision  tasks,  i.e.,  tasks  that  occur  early  in  the  signal 
flow  path  of  an  animal  or  ms^hine. 

The  next  section  details  substantial  progress  on 
seven  different  designs,  including  systems  for 
camera  motion  estimation,  automatic  alignment  to 
calibration  marks,  brightness  adaptive  imaging,  and 
other  tasks.  Perhaps  the  most  exciting  news  con¬ 
cerns  the  stereo  vision  system,  the  initial  portion  of 
which  was  completed  by  Mikko  Hakkarainen"  in  his 
doctoral  work  with  Professor  Hae-Seung  Lee  last 
May. 

This  project  has  attracted  the  attention  of  General 
Motors,  which  sent  a  vision  systems  engineer.  Dr. 
Ichiro  Masaki,  to  work  with  us  for  a  year  to  investi¬ 
gate  the  potential  applications  of  this  type  of  design 


10  l.A.  PidwWnrar,  A  Structund  Dteign  MttMohgy  tor  Spood-OpOmtud  Truo  Slngh-Phsto-Chck  Dynmntc  CMOS,  S.M.  IhMit, 
Dept,  of  Elsctr.  Eng.  and  Comput.  Sd.,  MIT,  1982. 

"  J.M.  Hakkarainen,  A  Real  Time  Stereo  Vision  System  In  CD/CMOS  Technology,  Ph.D.  dfsa..  Dept  of  Elecir.  Eng.  and  CompuL  Sci., 
1992. 
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to  future  use  in  automobiles.  In  directing  our  atten¬ 
tion  to  practical  automotive  applications,  Or.  Masaki 
has  made  a  significant  contribution  to  this  project. 


1^.2  Vision  Chip  Designs 

BiCMOS/CCD  Focus-of-Expan8lon  Chip  for 
Camera  Motion 

Graduate  student  Ignacio  McQuirk,  working  with 
Professors  Berthold  Horn  and  Hae-^ung  Lee,  has 
continued  deveiopment  and  testing  of  a  chip  that 
determines  the  direction  of  camera  transiation 
directly  from  a  time-varying  image  sequence  with  a 
real-time  anaiog  VLSI  system.  Mr.  McQuirk's 
approach  assumes  that  a  camera  moving  through  a 
fixed  world  has  translational  velocity  only.  The 
focus  of  expansion  (FOE)  is  the  projection  of  the 
camera  translation  vector  onto  the  image  plane  and 
hence  gives  the  direction  of  camera  motion  when 
the  camera  parameters  are  known.  The  FOE  is  the 
image  of  the  point  towaids  which  the  camera  is 
moving  and  the  point  from  which  other  image  points 
appear  to  be  receding.  Various  possible  algorithms 
for  estimating  the  FOE  have  been  compared  in 
terms  of  accuracy,  robustness,  and  feasibility  for 
singie-chip  anaiog  VLSI  implementation  with 
on-chip  imaging  circuitry.  An  algorithm  based  on 
minimizing  the  sum  of  squares  of  the  differences  at 
stationary  points  between  the  obsenred  time  vari¬ 
ation  of  brightness  and  the  predicted  variation  was 
chosen  for  implementation.  Mr.  McQuirk  designed 
a  BiCMOS/CCD  chip  for  estimating  the  FOE  using 
on-chip  CCD  imaging  circuitry  and  a  row-paraliel 
processing  scheme.  A  complete  64x64  version  of 
this  chip  has  been  fabricated  through  MOSIS. 

Mr.  McQuirk  is  currently  in  the  process  of  building  a 
test  setup  for  the  FOE  chip.  From  an  electrical 
standpoint,  this  involves  the  completed  circuit 
design  and  subsequent  fabrication  of  a  printed 
circuit  board  with  the  support  components  required 
for  operation  of  the  FOE  system  in  all  its  various 
testing  and  operational  modes.  This  board  consists 
of  pattern  generators,  CCD  clock  drivers,  FOE  chip 
bias  circuitry,  I/O  drivers,  a  Feedback  Control  Pro¬ 
cessor,  and  an  interface  to  the  Vision  Chip  Test 
System.  The  Vision  Chip  Test  System  itself  will  be 
upgraded  to  handle  the  multiple  channels  neces¬ 
sary  for  the  FOE  chip  I/O.  This  will  permit  us  to  test 
the  FOE  chip  with  electrical  data,  allowing  for  algo¬ 
rithmic,  system,  and  circuit  level  characterization. 
For  operation  using  optical  input  through  the 
on-chip  imager,  Mr.  McQuirk  is  also  in  the  process 
of  completing  a  setup  which  will  optically  present 
the  FOE  chip  with  a  real-time  image  sequence  due 
to  3-D  motion.  This  will  be  accomplished  using  a 


flexible  fiber  optic  image  guide  to  transmit  the 
image  from  a  lens  system  mounted  on  a  precision 
linear  track  to  the  FOE  test  board.  This  additionally 
requires  the  imager  on  the  FOE  chip  to  be  cali¬ 
brated  to  ascertain  accurately  the  projection  from 
the  3-D  motion  to  the  FOE  location. 

Brightness  Adaptive  CCD  Imager  with 
Analog  and  Digital  Output 

Graduate  student  Steven  Decker,  working  with  Pro¬ 
fessor  Charles  Sodini,  has  been  designing  an 
imager  to  act  as  the  front  end  of  a  modular  vision 
system.  It  will  feature  a  64x64  array  of  pixels,  large 
fill  factor,  operating  speed  on  the  order  of  1000 
frames/second,  column  parallel  ouput,  brightness 
adaptation  capability,  and  user  selectable  anaiog  or 
10-bit  digital  output. 

The  cyclic  A/D  converter  is  based  on  an  algorithm 
which  r^uires  only  addition,  division  by  two,  and 
comparison  of  two  signals.  The  first  two  operations 
are  performed  in  the  charge  domain  because  the 
input  analog  signal  is  a  charge,  and  CCDs  can  add 
and  evenly  divide  charge  packets  with  good  pre¬ 
cision  using  little  area.  Charge  packet  splitting  accu¬ 
racy  is  greatly  increased  by  an  algorithm  which 
passes  each  half-packet  through  the  charge  splitter 
again  and  appropriately  recombines  the  resultant 
quarter-packets.  Analog  output  can  be  obtained  by 
shifting  the  signal  charge  onto  an  integrating 
capacitor  in  a  feedback  loop  around  an  operational 
amplifier.  The  linearity  of  the  analog  output  is  much 
better  than  for  a  conventional  CCD  output  because 
the  poly-poly  capacitor  in  the  feedback  loop  is  much 
more  linear  than  the  diffusion  capacitance  of  a  con¬ 
ventional  CCD  output. 

The  brightness  adaptive  imaging  element  is  based 
on  a  design  that  was  previously  patented  else¬ 
where.  Each  pixel  is  compost  of  an  MOS 
capacitor  biased  in  deep  depletion  and  an  overflow 
gate.  The  overflow  gate  est^ishes  a  barrier  to  the 
flow  of  imaged  charge  from  the  main  potential  well 
to  a  sink.  During  the  integration  period,  the  height 
of  the  barrier  0(t)  is  varied  as  a  function  of  time.  A 
relationship  between  the  light  intensity  and  final 
imaged  charge  can  be  derived  for  a  given  <^(t).  In 
particular,  it  is  possible  to  obtain  a  logarithmic  com¬ 
pression  curve  so  that,  ideally,  any  light  intensity 
can  be  sensed  without  saturating  the  imager.  The 
advantages  of  this  technique  over  other  schemes 
which  have  been  considered  are  simplicity,  flexi¬ 
bility,  and  small  size.  Professor  Wyatt  has  devel¬ 
oped  a  method  to  obtain  the  required  </>(t)  to 
achieve  a  given  compression  curve. 

Efforts  have  been  directed  towards  designing  a 
practical  realization  of  the  brightness  adaptive 
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Imager,  in  the  original  patent,  0(t)  is  assumed  to  be 
a  continuous,  infinitely  precise  function  of  time.  The 
implications  of  approximating  ^(t)  with  a  digital  gen¬ 
erated  staircase  function  have  been  examined. 
Using  the  digital  generation  scheme  and  digital 
output,  reconstruction  of  the  original  light  intensity 
from  the  imaged  charge  is  easy  since  this  can  be 
done  digitally.  Digital  generation  of  0(t)  also  makes 
it  possible  to  alter  the  compression  function  in  real 
time  based  on  previously  imaged  frames. 

A  test  chip  has  been  designed  and  layed  out.  This 
chip  has  a  4x4  array  of  wide  dynamic  range  pixels, 
four  adjacent  A/D  converters,  and  four  adjacent 
analog  output  circuits.  The  chip  is  currently  being 
fabricated  in  the  MIT  CCD/CMOS  1.75  micron 
process.  A  test  setup  is  being  designed  concur¬ 
rently. 

Single-Chip  Alignment  Sensor 

Graduate  student  Christopher  Umminger,  working 
with  Professors  Charles  Sodini  and  Berthold  Horn, 
has  been  researching  implementations  of  single¬ 
chip  sensors  to  measure  alignment  error  for  tasks 
in  automated  manufacturing.  These  sensors  will 
optically  acquire  an  image  of  the  alignment  marking 
and  output  a  measure  of  the  misalignment.  Cur¬ 
rently,  they  have  settled  on  two  methods  for  the 
task  of  aligning  a  mark  to  the  sensor.  The  first  is 
based  on  the  surveyor's  mark.  The  sensor  consists 
of  a  four  quadrant  photodiode  combined  with  an 
edge  detection  circuit  to  provide  extra  alignment 
accuracy  in  the  face  of  nonuniform  illumination. 
The  second  sensor  design  uses  a  square  grating 
mark.  A  position  sensitive  moird  fringe  pattern 
formed  between  the  sensor  and  the  marking  is 
used  to  achieve  accurate  alignment. 

The  first  sensor  design  using  the  surveyor's  mark 
was  fabricated  in  1992.  Testing  of  the  imaging 
photodiodes  and  associated  amplification  circuits 
has  shown  that  they  function  as  expected.  In  July 
1993,  a  paper  was  presented  on  this  chip  at  the 
SPIE  Annual  Meeting  in  the  session  on  optical 
alignment.  A  second  version  of  the  sensor  which 
significantly  improves  its  speed  was  submitted  for 
fe^cation  in  August  1993.  Design  and  layout  of 
the  moir^  fringe  sensor  was  finished  in  April  and 
the  fabricated  chip  has  just  been  received.  Testing 
on  this  chip  will  occur  in  the  fall.  A  mock  alignment 
system  is  being  constructed  to  characterize  these 
sensors  in  an  alignment  operation. 


Content-Addreeeeble  Permllel  Digital  Image 
Processor 

Massively  parallel  associative  processors  may  be 
well  suited  as  coprocessors  for  accelerating 
machine  vision  applications.  They  achieve  very  fine 
granularity,  as  every  word  of  memory  functions  as  a 
simple  processing  element.  A  dense,  dynamic, 
content-addressable  memory  cell  supports  fully- 
parallel  operation,  and  pitch-matched  word  logic 
improves  arithmetic  performance  with  minimal  area 
cost.  An  asynchronous  reconfigurable  mesh 
network  handles  interprocessor  communication  and 
image  input/output,  and  an  area-efficient  pass- 
transistor  circuit  counts  and  prioritizes  responders. 

Graduate  student  Frederick  P.  Herrmann  has  com¬ 
pleted  the  design  of  a  16K-trit  associative  pro¬ 
cessing  chip,  under  the  supervision  of  Professor 
Charles  Sodini.  The  chip  integrates  256  processing 
elements,  each  with  64  trits  of  memory.  A  16x16 
mesh  network  connects  the  processirig  elements, 
and  larger  meshes  may  be  constructed  using 
several  chips.  Fabrication  in  MITs  1.5  pm 
CCD/CMOS  process  was  completed  in  February. 
Some  subsystems  were  tested  and  their 
functionality  was  verified.  High  leakage  current  on 
that  run  prevented  complete  testing.  The  design 
has  been  resubmitted  to  MIT  and  to  MOSIS,  with 
chips  expected  in  September. 

Mr.  Herrmann  has  also  been  working  with  Jeffrey 
Gealow  and  Lawrence  Hsu  (both  with  the  MIT 
Associative  Processing  Project)  on  a  software 
development  system  for  the  associative  processor. 
Simulators  for  the  parallel  processor  array  and  its 
sequential  controller  were  demonstrated  in  July, 
and  the  system  is  now  being  used  to  prepare  test 
vectors  for  the  associative  processing  chip. 

VI<too  Pate  Analog-to-DIgItal  Conversion 

Graduate  student  Paul  Yu,  working  with  Professor 
Hae-Seung  Lee,  has  been  working  on  an  opera¬ 
tional  amplifier  that  uses  a  replica-amplifier  gain- 
enhancement  technique.  The  op-amp  is  a  key 
component  of  a  pipelined  A/D  converter.  The 
replica-amp  technique  can  be  generally  applied  to 
any  conventional  op-amp  topologies  such  as  fokJed- 
cascode  and  class-AB,  single-ended  or  differential. 
Unlike  conventional  techniques  such  as  cascoding 
which  increase  gain  by  increasing  the  output  resist¬ 
ance,  the  replica-amp  technique  increases  gain  by 
matching  main  and  replica  amps.  Among  the 
advantages  of  the  replica-amp  technique  are  low 
supply,  high  swing,  and  effectiveness  in  driving 
resistive  loads.  A  two-stage  topology  without  any 
cascode  was  chosen  to  maximize  the  available 
output  swing.  The  experimental  result  of  this  low- 
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supply,  high  swing,  CMOS  op-amp  was  presented 
at  the  1993  International  Solid-State  Circuit  Confer¬ 
ence. 

An  analytical  study  has  been  conducted  with  regard 
to  the  settling  time  of  an  op-amp  using  this 
replica-amp  gain  enhancement  technique.  It  was 
shown  that  this  technique  has  only  a  small  effect  on 
the  settling  time.  This  analytical  result  is  confirmed 
by  a  SPICE  simulation  as  well  as  by  the  exper¬ 
imental  results.  The  results  of  this  study  were 
recently  submitted  to  IEEE  Circuits  and  Systems  II. 

In  view  of  the  trend  toward  ever  decreasing  supply 
voltages  for  power  minimization  and  the  fact  that 
conventional  techniques  do  not  work  well  at  low 
supply,  the  replica-amp  technique  offers  a  prom¬ 
ising  alternative. 

Our  attention  has  shifted  toward  the  capacitor  mis¬ 
match  problem  which  contributes  to  gain-error  in  a 
pipelin^  A/D  converter.  A  simulation  program  has 
been  written  in  C  programming  language  to  investi¬ 
gate  a  new  technique  of  minimizing  differential  non¬ 
linearity  (DNL).  A  Monte  Carlo  simulation  has  been 
carried  out  to  determine  the  minimum  capacitor  size 
necessary  under  this  new  technique.  It  appears 
that  the  technique  can  lead  to  a  low-power  pipe¬ 
lined  A/D  converter  operating  at  video  speeds. 

Design  of  Speclallied  Analog  and  Digital 
VLSI  Processors  for  Computing  the 
Relative  Orientation  Between  Two-Camera 
Systems 

Computing  the  relative  orientation  between  the 
coordinate  systems  of  two  cameras  is  an  important 
problem  for  calculating  depth  from  binocular  stereo 
and  for  determining  general  camera  motion.  Grad¬ 
uate  student  Lisa  Oron,  working  with  Professor 
Berthold  Horn,  has  continued  work  on  the  design  of 
a  complete,  autonomous  system  for  computing  rela¬ 
tive  orientation  in  real-time  with  specialized  analog 
and  digital  VLSI  hardware.  Such  a  system  would  be 
suitable  for  mounting  on  mobile  or  remote  platforms 
that  cannot  be  tethered  to  a  computer  and  for  which 
the  size,  weight  and  power  consumption  of  the 
components  are  critical  factors.  The  problem  of 
computing  relative  orientation  is  difficult  for  two 
reasons:  one  is  the  nonlinearity  of  the  motion  equa¬ 
tions  which  must  be  solved;  and  the  other  is  the  dif¬ 
ficulty  of  determining  point  correspondences 
between  two  images.  It  is  the  latter  proUem  which 
entails  the  largest  I/O  and  computational  require¬ 
ments  and  where  specialized  processors  will  offer 
the  greatest  benefit.  Methods  already  exist  for 
finding  point  correspondences  in  software  which 
can  to  implemented  on  available  general  purpose 
digital  image  processors.  However,  the  resulting 


systems  are  still  too  large,  slow  and  power-hungry 
for  many  applications. 

This  research  consists  of  two  parts.  The  first,  which 
is  now  essentially  completed,  was  to  develop  the 
theoretical  foundations  of  the  relative  orientation 
system.  This  involved  developing  and  adapting 
algorithms  for  determining  point  correspondences 
and  solving  the  motion  equations  which  are  both 
robust  as  well  as  simple  enough  to  to  easily  imple¬ 
mented  in  hardware.  It  also  involved  determining 
the  limits  of  system  operation  ££  a  function  of  error 
in  the  correspondences,  field  of  view,  and  image 
resolution.  The  second  part  of  the  research,  which 
is  currently  underway,  is  to  design,  fabricate  and 
test  prototype  chips  for  the  specialized  processors 
which  will  to  used  to  find  the  point  correspond¬ 
ences.  Two  separate  processors  are  needed:  one 
which  computes  a  binary  edge  map  from  the  input 
image  data,  and  the  other  which  determines  trans¬ 
lational  offsets  between  patches  of  the  edge  maps 
from  two  different  images.  Fabrication  of  the  proto¬ 
type  circuits  will  to  done  through  MOSIS. 

The  design  for  the  edge  detection  chip  is  based  on 
a  variation  of  the  CCD  circuit  developed  by  Dr. 
Craig  Keast  for  the  focal-plane  imaging  and  seg¬ 
mentation  chip,  which  has  been  modifito  to  imple¬ 
ment  the  multiscale  veto  algorithm  described  in  the 
previous  progress  report.  An  important  problem  to 
to  solved,  which  was  one  of  the  major  difficulties 
encountered  by  Dr.  Keast,  is  to  find  an  effective 
method  for  computing  on  chip  small  differences 
between  neighboring  pixel  values  with  at  least  6 
bits  of  dynamic  range.  Three  test  chips  containing 
one-  and  two-dimensional  arrays,  as  well  as  their 
isolated  subcircuits,  have  been  fabricated  and 
tested  based  on  an  initial  design.  These  circuits  did 
not  reach  the  desired  performance  level  of  6  bits  of 
dynamic  range,  however,  largely  due  to  offsets  in 
the  absolute-value-of-difference  circuits.  An 
improved  design  which  should  reduce  the  effect  of 
offsets  is  currently  being  studied,  and  a  new  set  of 
test  chips  will  soon  to  sent  to  MOSIS  for  fabri¬ 
cation.  If  the  tests  of  these  new  chips  are  satisfac¬ 
tory,  a  full  32x32  array  will  to  sent  out  for 
fabrication  by  the  end  of  the  year. 

The  second  processor  receives  the  binary  edge 
maps  produced  by  the  edge  detection  chips  and 
determines  point  matches  using  a  block  correlation 
method.  Because  the  input  is  binary,  the  matching 
circuits  require  relatively  little  hardware  and  can  to 
implemented  with  purely  digital  logic.  On  the  other 
he^,  because  the  computations  are  simple  and  do 
not  require  high  precision,  there  may  to  a  net 
benefit  in  terms  of  silicon  area  in  using  analog  pro¬ 
cessing  for  parts  of  the  circuit.  In  order  to  test  this 
idea,  a  design  incorporating  analog  elements  has 
been  formulated  for  the  core  of  the  matching  circuit. 
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A  test  chip  based  on  this  design  will  be  fabricated 
and  tested  and  the  result  will  be  compared  with  an 
entirely  digital  implementation. 

Switehed-Capacitor  Sya^  for  Merging 
Depth  end  Slope  EsHmatee 

Graduate  student  Mark  Seidel,  working  with  Profes¬ 
sors  John  Wyatt  and  Thomas  Knight,  has  been 
designing,  fabricating,  and  testing  a  switched- 
capacitor  chip  to  robustly  compute  the  depth  of  a 
scene  by  merging  depth  estimates  (possibly  from  a 
stereo  algorithm)  with  surface  slope  estimates  (pos¬ 
sibly  from  a  shape-from-shading  algorithm).  This 
multisensor  image  fusion  design  uses  the  least- 
squares  properties  of  certain  switched-capecitor 
systems  to  compute  a  dense  depth  map  given 
noisy  or  sparse  depth  and  slope  input.  A  MOSIS 
Tinychip  containing  some  subcircuits  of  a  1-0 
version  was  fabricated  and  tested;  all  of  the  subcir¬ 
cuits  were  operational.  A  final  1-D  version  of  the 
network  was  designed,  fabricated,  and  partially 
tested.  The  protection  circuits  test  positively,  as 
does  the  connectivity  on-chip.  The  remainder  of 
the  testing  will  be  completed  before  the  end  of  the 
year. 


1.2.3  Mixed  Circuit/Device  Simulation  for 
CMOS/CCD  Systems 

Graduate  student  Mark  Reichelt,  under  the  super¬ 
vision  of  Professor  Jacob  K.  White,  and  in  collab¬ 
oration  with  Professor  Andrew  Lumsdaine  of  the 
University  of  Notre  Dame,  is  working  on  algorithms 
for  accelerating  mixed  circuit/device  simulation,  as 
this  kind  of  analysis  is  required  to  properly  simulate 
the  performance  of  CCD-based  analog  vision  cir¬ 
cuits.  Initially,  they  have  focused  on  developing 
parallelizable  algorithms  for  semiconductor  device 
transient  simulation,  and  are  investigating  waveform 
relaxation  (WR),  a  natural  candidate  (This  work  is 
also  partly  funded  by  the  ARPA  VLSI  contract 
N0001 4-91 -J-1 698). 

Part  of  this  work  is  focused  on  more  theoretical 
aspects  of  applying  parallel  WR  to  device  transient 
simulation.  As  the  WR  algorithm  decomposes 
systems  of  differential  equations  into  subsystems 
which  can  be  solved  independently,  the  algorithm 
has  easily  exploited  parallelism.  And  when  using 
WR  on  a  parallel  computer,  it  is  likely  that  the  dif¬ 
ferent  subsystems  will  be  assigned  to  different  pro¬ 
cessors.  In  that  case,  communication  can  be 
avoided,  and  overall  computational  efficiency 
improved,  if  each  of  the  separated  subsystems  can 
be  solved  with  independently  determined  timesteps. 
Using  different  timesteps  for  different  subsystems 
implies  that  a  multirate  integration  method  has  been 


used  to  solve  the  system,  and  there  is  no  guar¬ 
antee  that  this  muttirate  method  is  stable.  In  the 
past  year,  we  have  been  able  to  prove  that  certain 
multirate  methods  are  A-stable  for  several  model 
problems  associated  with  semiconductor  device 
simulation. 

The  more  practical  part  of  this  work  was  directed 
toward  accelerated  waveform  relaxation  techniques 
for  parallel  semiconductor  device  simulation.  We 
adapted  both  the  generalized  conjugate-direction 
method  and  a  convolution  successive  over¬ 
relaxation  (CSOR)  algorithm  to  performing  parallel 
semiconductor  device  simulation,  and  compared  the 
two  approaches  using  both  a  cluster  of  workstations 
and  a  32-node  i860-based  hypercube.  Both  algo¬ 
rithms  are  competitive  with  standard  algorithms  on 
a  single  processor,  but  achieve  nearly  linear 
speed-up  on  the  hypercube.  Mark  Reichelt  finished 
his  doctoral  dissertation  on  the  subject  of  convo¬ 
lution  SOR  and  also  received  a  best  student  paper 
award  at  the  SIAM  sponsored  Copper  Mountain 
Conference  on  Multigrid  methods. 


1.2.4  Hybrid  Analog/DIgItal  Vision  Chips  for 
intsiiigsnt  Vehicie  Appiications 

Dr.  Ichiro  Masaki,  a  visiting  scientist  from  General 
Motors,  is  studying  the  feasibility  of  applying  hybrid 
analog/digital  vision  chip  technologies  to  intelligent 
vehicle  systems  in  collaboration  with  Professors 
Hae-Seung  Lee,  Charles  Sodini,  John  Wyatt, 
Berthold  Horn,  and  their  students,  David  Martin  and 
Steve  Decker.  The  demand  is  increasing  rapidly  for 
developing  intelligent  vehicles  that  are  integral  to 
safe,  efficient,  and  environmentally  friendly  traffic 
systems.  The  technical  characteristics  of  the  intelli¬ 
gent  vehicle  applications  match  well  with  the 
natures  of  hybrid  analog/digital  vision  chip  technolo¬ 
gies.  Intelligent  vehicles  need  high-speed  pro¬ 
cessing,  low  mass-production  system  costs,  low 
power  consumption,  and  small  physical  sizes. 
Large  development  costs  will  be  compensated  by 
the  large  market  size  and  iimited  accuracy  can  be 
accepted.  Examples  of  applications  include  on- 
vehicle  systems  such  as  a  collision  avoidance 
system  and  on-road  systems  including  a  traffic 
monitoring  system. 

A  stereo  vision  system  is  being  developed  as  the 
first  case  study.  Installed  in  a  vehicle,  the  stereo 
vision  system  will  measure  the  distance  from  the 
vehicle  to  a  vehicle  in  front  of  it.  The  goal  is  to 
keep  a  reasonable  distance  between  the  vehicies 
by  controlling  a  vehicle's  speed  automatically.  The 
system  includes  two  custom  chips:  a  wide  dynamic 
range  imager  chip  and  a  hybrid  analog/digital  array 
processor  chip.  The  intensity  dynamic  range  of 
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typical  conventional  television  cameras  is  large 
enough  for  in-door  applications  but  does  not  cover 
various  weather  conditions  on  highways.  Our 
imager  chip  will  have  enough  dynamic  range  for 
vehicle  applications.  The  array  processor  chip  will 
carry  out  edge  detection  and  stereo  matching  oper¬ 
ations  using  both  analog  and  digital  circuits.  The 
chip  is  expected  to  require  less  silicon  area,  lower 
power  consumption,  and  lower  mass-production 
cost  compared  to  conventional  digital  microproces¬ 
sors.  Small-scale  test  chips  are  being  developed 
for  feasibility  studies. 

Analog  versus  Digital  Approaches  to 
Machine  Vision  Hardware 

Recent  technical  progress  in  analog  vision  chips 
has  stimulated  comparisons  between  analog  and 
digital  processing  schemes  through  case  studies. 
The  analog  vision  chips  have  demonstrated  their 
smail  cost  in  silicon  area  and  high  speed  character¬ 
istics  for  some  applications.  The  goal  of  this  project 
is  to  identify  the  capabilities  and  limitations  of  the 
analog  chi|^  and  to  find  what  application  areas 
would  be  suitable  for  analog,  digital,  and  hybrid 
chips,  respectively. 

In  collaboration  with  Professors  Charles  Sodini, 
Berthold  Horn,  and  John  Wyatt,  Dr.  Ichiro  Masaki 
and  graduate  student  David  R.  Martin,  under  the 
supervision  of  Professor  Hae-Seung  Lee,  are 
studying  stereo  vision  algorithms.  These  algorithms 
are  frequently  used  in  various  applications  including 
intelligent  vehicles  and  flexible  manufacturing 
systems. 

The  chip  implementation  level  comparison  is 
undenivay.  Currently  a  cell  in  a  Multi-Instruction 
Multi-Data  Array  Processor  architecture,  imple¬ 
mented  in  both  analog  and  digital,  is  being 
designed.  Each  processing  element  includes  an 
arithmetic  unit,  a  data  flow  control  unit,  and  a 
system  control  unit  which  includes  program 
memory.  Several  analog  circuit  issues  for  the  accu¬ 
racy  of  the  cell's  arithmetic  unit  have  been  resolved. 

Our  next  goals  include  finalization  of  the  chip 
design,  layout  using  the  Cadence  design  tools,  fab¬ 
rication  of  the  chips,  and  performance  comparisons 
based  on  both  simulated  and  actual  chips.  The  cri¬ 
teria  for  the  comparisons  will  include  cost  in  silicon 
area,  processing  speed,  manufacturing  and  devel¬ 
opment  costs,  testability,  and  other  related  issues. 


1^.5  Solutions  of  Thsorstical  Problems  In 
Analog  Hardware  and  Machine  Vision 

Heural  Network  Theory 

Working  under  the  guidance  of  Professor  John 
Wyatt,  graduate  student  Ibrahim  Elfadel  has  investi¬ 
gated  a  generalization  of  the  effective  energy  func¬ 
tion,  first  introduced  by  Peterson  and  Soderberg, 
and  used  it  to  solve  constrained  optimization  prob¬ 
lems  within  the  ansatz  of  saddle-point  methods  in 
statistical  physics.  Mr.  Elfadel  has  shown  that 
wKhin  this  paradigm,  a  smooth  convex  potential 
function  is  associated  with  each  closed  bounded 
constraint  set.  He  has  also  shown  that  using  the 
conjugate  of  the  convex  potentials,  it  is  possible  to 
derive,  from  the  effective  energy,  a  cost  function 
that  is  a  natural  generalization  of  the  analog 
Hopfield  energy.  Descent  dynamics  and 
deterministic  annealing  can  then  be  used  to  find  the 
global  minimum  of  the  original  minimization 
problem.  When  the  conjugate  is  hard  to  compute 
explicitly,  we  show  that  minimax  dynamics  can  be 
used  to  find  the  extrema  of  the  effective  energy. 
This  general  effective-energy  framework  has 
allowed  Mr.  Elfadel  to  tie  up  different  cost  functions 
that  were  used  previously  to  solve  optimization 
problems  involving  local  competition  of  the  winner- 
take-all  type.  Moreover,  he  has  used  the  same 
general  framework  to  propose  continuous  dynam¬ 
ical  systems  for  finding  the  fixed  points  of  "rotor" 
neural  networks. 

Reduced-Order  Modb/s  for  Interconnect 
Simulation 

To  analyze  the  effects  of  packaging  parasitics  on 
circuit  performance,  these  parasitics  are  frequently 
modeled  with  equivalent  circuits  which  are  then 
included  in  a  circuit  simulation.  Complicated  pack¬ 
ages  or  interconnects  can  generate  extremely  large 
equivalent  circuits  which  must  then  be  simplified,  or 
reduced,  for  efficient  use  in  a  circuit  simulator.  The 
most  commonly  used  Padd,  or  moment-matching, 
approaches  to  performing  this  model  order 
r^uction  can  generate  unstable  equivalent  circuits. 
To  overcome  the  instability  problems.  Graduate 
Students  Luis  Miguel  Silveira  and  Ibrahim  Elfadel, 
under  the  guidance  of  Professor  Jacob  White,  have 
been  investigating  a  state-space  algorithm  for 
model-order  reduction  based  on  truncating  a  bal¬ 
anced  system  realization.  This  algorithm  has  the 
important  characteristic  that  the  reduced  order 
model  resulting  from  the  truncation  is  guaranteed  to 
be  stable.  The  simulation  of  simple  RLC  circuits 
modeling  transmission  lines  has  demonstrated  that 
the  balanced-realization  approach  generates  accu- 
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rate,  stable  reduced-order  models,  whereas  the 
Padd  method  does  not. 

Swttched-Capacitor  Network  Theory 

Graduate  student  Mark  Seidel,  working  with  Pro¬ 
fessor  John  Wyatt,  has  been  studying  general  net¬ 
works  of  switches,  capacitors,  and  sources.  These 
networks  are  important  in  the  implementation  of 
computational  and  image  processing  problems  for¬ 
mulated  as  minimization  algorithms.  Discrete-time 
system  stability  was  proved  for  a  large  subclass  of 
these  networks  usirig  contraction  mappings;  this 
subclass  includes  many  useful  image  processing 
networks,  including  the  SC  implementation  of  the 
coupled  depth  and  slope  network.  The  explanation 
of  derived  and  inverted  bounding  expressions  and 
estimates,  along  with  the  important  limiting  case  of 
large  N  parameters,  was  accepted  and  presented  at 
the  European  Conference  on  Circuit  Theory  and 
Design. 

Under  constant  input  conditions,  the  switched- 
capacitor  networks  can  be  shown  to  be  generally 
^uivalent  to  networks  comprised  of  nonreciprocal 
linear  passive  resistive  multiports  and  multiterminal 
elements.  Each  such  element  is  associated  with 
exactly  one  of  the  capacitors  in  the  network.  The 
transformation  to  these  resistive  networks  results  in 
a  resistive  network  equivalent  to  the  original  SC 
network  in  the  sense  that  all  node  voltages  are  the 
same,  and  all  currents  are  equal  to  the  corre¬ 
sponding  average  transferred  charges  per  period. 
This  equivalence  indicates  certain  rules  for  the 
reverse  problem  of  synthesizing  a  switched 
capacitor  network  from  a  resistive  network.  This 
synthesis  can  always  be  accomplished  for  networks 
of  two-terminal  resistors  and  lossy  two-port  transfor¬ 
mers.  It  has  also  been  shown  that  even  if  the 
resistive  network  to  be  implemented  includes  only 
the  nonreciprocal  passive  resistive  elements  dis¬ 
cussed  earlier,  clock  phase  assignment  is  some¬ 
times  impossible.  A  conference  paper  explaining 
this  linear  analysis  and  synthesis  of  SC  networks 
was  accepted  and  presented  at  the  European  Con¬ 
ference  on  Circuit  Theory  and  Design. 

Constant-input  switched-capacitor  network  steady- 
state  analysis  and  synthesis  has  been  extended  to 
two  classes  of  networks  containing  certain  nonlinear 
SC  elements.  This  theoretical  extension  now 
allows  for  the  analysis  of  realistic  SC  implementa¬ 
tions,  including  the  reverse-biased-diodes  nonlinear 
parasitic  capacitances  associated  with  the  MOS 
switches.  More  importantly,  this  extension  also 
allows  for  implementing  arbitrary  networks  of  two- 
terminal  voltage-controlled  conductances,  two- 
terminal  positive  linear  resistors,  and  lossy  two-port 
transformers.  An  example  of  this  kind  of  networit  is 


the  one-  and  two-dimensional  resistive  fuse  grid. 
The  new  networks  explain  certain  existing  nonlinear 
SC  networks,  as  well  as  offering  a  synthesis 
method  leading  to  a  resistive  fuse  network  with  sig¬ 
nificant  performance  improvement.  Furthermore, 
the  nonlinear  elements  are  dynamically  confrolled 
by  two  global  wires,  thereby  making  continuation 
method  implementation  feasible.  A  conference 
paper  presenting  the  nonlinear  synthesis  results 
was  presented  at  the  Midwest  Symposium  on  Cir¬ 
cuits  and  Systems. 

First  and  second  drafts  of  the  majority  of  Mr. 
Seidel's  thesis  document  were  completed.  This 
portion  of  the  thesis  covers  bounds  and  estimates 
theory  and  develops  linear  and  nonlinear  analysis 
and  synthesis  theory.  The  thesis  will  be  completed 
before  December  1994. 
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1.3  Parallel  Algorithms  for  Device 
Simulation 

Sponsors 

Advanced  Research  Projects  Agency/ 

National  Science  Foundation 
Grant  MIP  91-17724 
IBM  Corporation 

U.S.  Navy  -  Officb  of  Naval  Research 
Grant  N0001 4-91 -J-1 698 

Project  Staff 
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Jonathan  Allen 

The  growing  importance  of  mixed  circuit/device  sim¬ 
ulation,  its  enormous  computational  expense,  as 
well  as  the  Increasing  availability  of  parallel  com¬ 
puters,  have  made  the  development  of  specialized, 
easily  parallelized,  algorithms  for  transient  simu¬ 
lation  of  MOS  devices  necessary.  In  earlier  work 
on  the  Waveform  Overrelaxation  Device  Simulator 
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(WORDS)  progranft,  the  easily  parallelized  wave¬ 
form  relaxation  (WR)  algorithm  was  shown  to  be  a 
computationally  efficient  approach  to  device  tran¬ 
sient  simulation  even  on  a  serial  machine.  The  WR 
algorithm,  though,  typically  requires  hundreds  of 
iterations  to  achieve  an  accurate  solution. 

To  use  WORDS  in  a  mixed  circuit/device  simulator, 
we  have  been  Investigating  ways  of  making  the 
program  more  robust  and  efficient.  We  determined 
how  to  compute  the  terminal  currents  accurately 
using  different  timepoints  at  different  mesh  nodes. 
We  also  improved  the  timestep  selection  procedure 
by  determining  how  to  refine  the  timesteps  as  WR 
iterations  proceed  and  reducing  the  total  computa¬ 
tion  by  as  much  as  a  factor  of  two  by  using  only  a 
few  coarse  timesteps  in  early  iterations.  The  more 
accurate,  electric  field  dependent  mobility  model 
was  also  implemented.  Recent  work  on  theoretical 
aspects  of  these  methods  have  answered  several 
long-standing  questions  about  multirate  stability.'^ 

We  found  experimental  evidence  that  WR  using 
standard  overrelaxation  acceleration  can  produce 
oscillatory  results,  and  are  investigating  methods  for 
eliminating  this  phenomenon.  A  frequency- 
dependent  overrelaxation  algorithm  using  lowpass 
filtering  was  developed,'^  as  well  as  a  waveform 
conjugate-direction  approach. Experimental  results 
indicate  that  both  approaches  reduces  the  number 
of  waveform  iterations  required  by  more  than  a 
factor  of  seven.  Finally,  experimental  results  using 
a  parallel  computer  show  that  although  the  acceler¬ 
ated  WR  methods  are  only  competitive  with  the 
best  of  the  standard  algorithms  for  device  transient 
simulation  on  a  serial  machine,  the  WR  algorithms 
are  substantially  faster  on  a  parallel  machine.'^ 


1.4  Numerical  Simulation  of  Short 
Channel  MOS  Devicea 

Sponsors 

IBM  Corporation 
National  Science  Foundation 
Fellowship  MIP  88-58764 
U.S.  Navy 

Contract  N00174-92-Q-0133 

Projsct  Staff 

Khalkj  Rahmat,  Professor  Dimitri  A.  Antoniadas, 
Professor  Jacob  K.  White 

The  model  used  in  conventional  device  simulation 
programs  is  based  on  the  drift-diffusion  model  of 
electron  transport,  and  this  model  does  not  accu¬ 
rately  predict  the  field  distribution  near  the  drain  in 
small  geometry  devices.  This  Is  of  particular  impor¬ 
tance  for  predicting  oxide  breakdown  due  to  pene¬ 
tration  by  "hot*  electrons.  There  are  two 
approaches  for  more  accurately  computing  the  elec¬ 
tric  fields  in  MOS  devices,  one  is  based  on  adding 
an  energy  equation  to  the  drift-diffusion  model  and 
the  second  is  based  on  direct  solution  of 
Boltzman's  equation. 

In  the  first  approach,  an  energy  balance  equation  is 
solved  along  with  the  drift-diffusion  equations  so 
that  the  electron  temperatures  are  computed  accu¬ 
rately.  This  combined  system  is  numerically  less 
tame  than  the  standard  approach,  and  must  be 
solved  carefully.  We  have  developed  a  two- 
dimensional  device  simulator  in  which  an  energy 
balance  equation  is  solved  for  electron  temperature 
along  with  the  usual  drift-diffusion  equations.  The 
program  avoids  temperature  instabilities  produced 
by  previous  discretization  approaches  through  the 
use  of  a  careful  application  of  exponential-fitting  to 
the  energy  equation.  Drain  currents  for  silicon 
MOSFETs  predicted  by  the  simulator,  using  one  set 


12  M.  Reichelt,  F.  Odeh,  and  J.  White,  'A-Stabllity  of  Multirate  Integration  Methods,  with  Application  to  Parallel  Semiconductor  Device 
Simulation,'  Proceedings  of  the  SIAM  Meeting  on  Parallel  Processing  for  Scientific  Computing,  Norfolk,  Virginia,  March  1993. 

13  M.  Reichelt,  J.  White,  and  J.  Allen,  'Frequency-Dependent  Waveform  Overrelaxation  for  Transient  Two-Dimensional  Simulation  of 
MOS  Devices,'  Proceedings  of  NUPAD  IV,  Seattle,  Washington,  May  1992,  pp.  161-166;  A.  Lumsdaine  and  J.  White,  'Accelerating 
Waveform  Relaxation  MetfKXte  with  Application  to  Parallel  Semicor^uctor  Device  Simulation,'  Numerical  Funcdoral  Analysis  and 
Optimization,  forthcoming. 

14  A.  Lumsdaine  and  J.  White,  'Accelerating  Waveform  Relaxation  Methods  with  Application  to  Parallel  Semiconductor  Device  Simu¬ 
lation,'  Numerical  Functional  Analysis  and  OptlmlzaSon,  forthcoming. 

13  A.  Lumsdaine  and  M.  Reichelt,  'Waveform  Iterative  Techniques  for  Device  Transient  Simulation  on  Parallel  Machines,'  Proceedings 
of  the  SIAM  Meeting  on  Parallel  Processing  for  Scientific  Computing,  Norfolk,  Virginia,  March  1993;  A.  Lumsdaine  and  J.  White, 
'Accelerating  Waveform  Relaxation  Methods  with  Application  to  Parallel  Semiconductor  Device  Simulation,'  Numerical  Functional 
Artalysis  and  Optimization,  forthcoming;  M.  Reichelt,  'Optima  Convolution  SOR  Acceleration  of  Waveform  Relaxation  with  Application 
to  Semiconductor  Device  Simulation,'  Third  place,  best  student  paper  competition.  Proceedings  of  the  Copper  Mountain  Conference 
on  Mulfigrid  Methods,  Copper  Mountain,  Colorado,  April  1993. 
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of  model  parameters,  match  well  with  experimental 
data  for  devices  over  a  range  of  channei  lengths 
from  90pmto0.16/im.  Also,  a  method  to  compute 
substrate  current  has  been  derived  which  uses  the 
electron  temperature  provided  by  the  simulator. 
The  computed  substrate  currents  match  well  with 
measured  data,  for  the  regime  above  subthreshold, 
for  MOSFETs  with  channel  lengths  as  short  as 
0.16Aim.’« 

The  limited  ability  to  accurately  predict  hot-electron 
effects  from  an  energy-balance  based  simulator  has 
led  to  our  current  investigation.  We  are  now  trying 
to  solve  the  full  Bottzman  equation,  using  a  spher¬ 
ical  harmonics  based  approach,  but  only  in  portions 
of  the  MOS  device  which  are  likely  to  create  hot 
carriers.’^ 


1.5  Coupled  Simulation  Algorithms  for 
Microelectromechanical  CAD  (MEMCAD) 

Sponsors 

Federal  Bureau  of  Investigation 
Contract  J-FBI-92-196 
National  Science  Foundation 
Fellowship  MIP  88-58764 

Project  Staff 

Xuejun  Cai,  Mattan  Kamon,  Dr.  He  Yie,  Professor 
Martin  A.  Schmidt,  Professor  Stephen  D.  Senturia, 
Professor  Jacob  K.  White 


High  fabrication  costs  and  increasing  microsensor 
complexity  is  making  computer  simulation  of  the 
realistic  geometries  necessary,  both  to  investigate 
design  alternatives  and  to  perform  verification 
before  fabrication.  At  MIT,  we  are  developing  a 
microelectromechanical  computer-aided  design 
(MEMCAD)  system  to  make  it  possible  for  micro¬ 
sensor  designers  to  easily  perform  realistic  simu¬ 
lations.  Carefully  selected  commercial  software 
packages  have  been  linked  with  specialized  data¬ 
base  and  numerical  programs  to  allow  a  designer  to 
easily  enter  a  three-dimensional  microsensor  geom¬ 
etry  and  quickly  perform  both  mechanical  and  elec¬ 
trical  analysis.  The  system  currently  performs 
electromechanical  analyses,  such  as  calculating  the 
capacitance  versus  pressure  (or  force)  curve  for 
both  a  square  diaphragm  deformed  by  a  differential 
pressure  and  can  be  used  to  calculate  levitation 
forces  in  structures  as  complicated  as  a  comb 
drive.’* 

To  support  design  of  electromechanical  structures, 
we  are  currently  investigating  two  approaches  to 
combining  finite-element  mechanical  analysis  with 
multipole-accelerated  electrostatic  analysis.  The  first 
method  is  the  obvious  relaxation  algorithm’*  and  the 
second  method  is  a  more  sophisticated 
surface/Newton  generalized  conjugate-residual 
scheme.**  By  comparing  the  two  mothers,  we  have 
demonstrated  both  theoretically  and  by  example 
that  our  surface/Newton-QCR  algorithm  is  faster 
and  more  robust  than  the  simplier  relaxation 
scheme.*’ 


16  K.  Rahmat,  J.  White,  and  D.  Antoniadis,  ’Simulation  of  Very  Short  Channel  MOSFETs  Including  Energy  Balance,'  IEEE  Trans. 
Comput.-Aid«l  Des.  t2(6):  817-825  (1993). 

17  K.  Rahmat,  J.  White,  and  D.  Antoniadis,  'A  Galerkin  Method  for  the  Arbitrary  Order  Expansion  in  Momentum  Space  of  the  Boltzmann 
Equation  using  Spherical  Harmonics,'  Proceedings  of  NUPAD  V,  Honolulu,  Hawaii,  June  1994,  forthcoming. 

18  S.D.  Senturia,  R.M.  Harris,  B.P.  Johnson,  S.  Kim,  K.  Nabors,  MA  Shulman,  and  J.K.  White,  'A  Computer-Aided  Design  System  for 
Microelectromechanical  Sterns  (MEMCAD),'  IEEE  J.  MIcroelecIronfech.  Syst.  1(1):  3-13  (1992);  J.R.  Gilbert,  P.M.  Osterbwg,  R.M. 
Harris,  D.O.  Ouma,  X.  Cai,  A.  Pfajfer,  J.  t^ite,  and  S.D.  Senturia,  'Implementation  of  a  MEMCAD  System  for  Electrostatic  and 
Mechanical  Analy^  of  Complex  Structures  From  Mask  Descriptions,'  Proceedings  of  thie  IEEE  Conference  on 
MicroelectromechanIcal  Systems,  Fort  Lauderdale,  February  1993,  forthcoming. 

19  X.  Cai,  H.  Yie,  P.  Osterberg,  J.  Gilbert,  S.  Senturia,  and  J.  White,  'A  Relaxation/Multipole-Accelerated  Scheme  for  Self-Consistent 
Electromechanical  Analysis  of  Complex  3-D  Microelectromechanl^  Structures,'  Proceedings  of  the  International  Conference  on 
Corrputer-Aided  Design,  Santa  Clara,  Califomia,  November  1993,  pp.  270-274;  X.  Cai,  P.  Osterberg,  H.  Yie,  J.  Gilbert,  S.  Senturia, 
and  J.  Vfhite,  'SeK-Consistent  Electromechanical  Analysis  of  Complex  3-D  Microelectromechanical  Structures  using  a 
Relaxation/Multipole  Method,'  Int.  J.  Sensors  Mater.,  forthcoming. 

20  X.  Cai,  H.  Yie,  P.  Osterberg,  J.  Gilbert,  S.  Senturia,  and  J.  White,  'A  Relaxation/Multipole-Accelerated  Scheme  for  SeK-Consistent 
Electromechanical  Analysis  of  Complex  3-D  Microelectromechanical  Structures,'  Proceedings  of  the  International  Conterence  on 
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Generalized-Conjugate  Residual  Algorithm  for  Self-consistent  Electromechanical  Analysis  of  3-D  Micro-Electro-Mechanical  Struc¬ 
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1.6  Numerical  Techniques  for 
Simulating  Josephson  Junction  Arrays 

Sponsors 

Advanced  Research  Projects  Agency/ 

Consortium  for  Superconducting  Eiectronics 
Contract  MDA972-90-C-0021 
National  Defense  Science  and  Engineering 
Graduate  Fellowship 
National  Science  Foundation 
Fellowship  MIP  88-58764 

Project  Staff 

Joel  R.  Phillips,  Dr.  Herre  S.J.  van  der  Zant,  Pro¬ 
fessor  Terry  P.  Orlando,  Professor  Jacob  K.  White 

Vortices  play  a  central  role  in  determining  the  static 
and  dynamic  properties  of  two-dimensional  (2D) 
superconductors.  Artificially  fabricated  networks  of 
superconducting  islands  weakly  coupled  by 
Josephson  junctions  are  model  systems  for 
studying  the  behavior  of  vortices.  Through  simu¬ 
lation,  we  have  discovered  that  the  static  properties 
of  vortices  in  an  array  of  Josephson  junctions  can 
be  significantly  influenced  by  magnetic  fields 
induced  by  the  vortex  currents.  The  energy  barrier 
for  vortex  motion  is  enhanced,  nearly  doubling  for 
penetration  depths  on  the  order  of  a  cell  size. 
Moreover,  we  have  found  that  correct  calculation  of 
the  vortex  current  distribution,  magnetic  moment, 
and  lower  critical  field  require  modeling  mutual 
inductance  interactions  between  all  cell  pairs  in  the 
array.  To  make  numerical  simulation  of  the  system 
with  all  inductive  effects  computationally  feasible,  a 
novel  FFT-accelerated  integral  equation  solver  was 
derived.  This  algorithm  is  sufficiently  efficient  to 
ailow  study  of  iarge  (500  x  500  cells)  arrays.^ 

The  development  of  the  FFT-accelerated  algorithm 
for  inductance  effects  in  Josephson  Junction  arrays 
led  to  a  more  general  result  useful  for  packaging 
analysis.  For  the  important  special  case  of  conduc¬ 
tors  over  non-ideal  ground  planes,  extremely  fast 
FFT-accelerated  inductance  extraction  methods 
have  been  developed.  The  FFT  technique  is  so 


fast  compared  to  its  direct  rival  method  that  it 
reduces  analysis  time  from  hours  to  seconds  even 
for  relatively  simple  problems.^ 


1.7  Efficient  3-D  Interconnect  Analyele 

Sponsors 

Digital  Equipment  Corporation 
IBM  Corporation 
National  Science  Foundation 
Feiiowship  MIP  88-58764 
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Project  Staff 

Mattan  Kamon,  Songmin  Kim,  Keith  S.  Nabors,  Joei 
R.  Phillips,  Professor  Jacob  K.  White 

We  have  deveioped  muttipoie-accelerated  algo¬ 
rithms  for  computing  capacitances  and  indudances 
of  compiicated  3-D  geometries  and  implemented 
these  algorithms  in  the  programs  FASTCAP  and 
FASTHENRY.  The  methods  are  accelerations  of 
the  boundary-eiement  or  method-of-moments  tech¬ 
niques  for  soMng  the  integral  equations  associated 
with  the  multiconductor  capacitance  or  inductance 
extraction  probiem.  Boundary-element  methods 
become  slow  when  a  large  number  of  elements  are 
used  because  they  lead  to  dense  matrix  probiems 
which  are  typicaily  solved  with  some  form  of 
Gaussian  elimination.  This  impiies  that  the  compu¬ 
tation  grows  as  n^,  where  n  is  the  number  of  panels 
or  tiles  needed  to  accurately  discretize  the  con¬ 
ductor  surface  charges.  Our  new  algorithms,  which 
use  generalized  conjugate  reskfuai  iterative  algo¬ 
rithms  with  a  multipole  approximation  to  compute 
the  iterates,  reduces  the  complexity  so  that  accu¬ 
rate  multiconductor  capacitance  and  inductance  cai- 
culations  grow  nearly  as  nm  where  m  is  the  number 
of  conductors.  For  practical  problems  which  require 
as  many  as  10,000  panels  or  filaments,  FASTCAP 
and  FASTHENRY  are  more  than  two  orders  of 
magnitude  faster  than  standard  boundary-eiement 
based  programs.^*  Manuals  and  source  code  for 


22  J.  Phillips,  H.  Van  der  Zant,  J.  White,  and  T.  Orlando,  ’Influence  of  Induced  Magnetic  Rekte  on  the  Static  Properties  of  Josephson- 
Junction  Arrays,'  Phys.  Rev.  B,  forthcoming. 

23  J.R.  Philiips,  M.  Kamon,  and  J.  White,  */\n  FFT-Based  Approach  to  Including  Non-ideal  Ground  Planes  In  a  Fast  3-D  Inductance 
Extraction  Program,’  Proceedings  of  the  Custom  Integrated  Circuits  Conference,  San  Diego,  Califomia,  May  1993. 

24  J.R.  Phillips,  M.  Kamon,  and  J.  White,  ’An  FFT-Based  Approach  to  Including  Non-ideal  Ground  Planes  in  a  Fast  3-D  Inductance 
Extraction  Program,’  Proceedings  of  the  Custom  tnte^Sted  Circuits  Conference,  San  Diego,  CalHbmia,  May  1993;  K.  Nabors,  S. 
Kim,  and  J.  White,  ’Fast  Capacitance  Extraction  of  General  Three-Dimertsional  Structures,’  IEEE  Trans.  Microvmre  Theory  Tech. 
40(7):  1496-1507  (1993);  K.  Nabors  and  J.  White,  ’Multipole-Accelerated  Capacitance  Extraction  Algorithms  for  3-D  Structures  with 
Multiple  Dielectrics,’  IEEE  Trans.  Circuits  Syst  39(11):  946-954  (1992);  M.  Kamon,  M.  Tsuk,  C.  Smithhisler,  and  J.  White,  ’Efficient 
Techniques  for  Inductance  Extraction  of  Complex  3-D  Geometries,’  Proceedings  of  the  International  Cortferenoe  on  Computer-Aided 
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FASTCAP  and  FASTHENRY  are  available  directly 
from  MIT. 


1.8  Adaptive  Gridding  Techniques  for 
Multipole-Accelerated  Solution  of 
Integral  Equations 
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Jacob  White 

Finding  computationally  efficient  numerical  tech¬ 
niques  for  simulation  of  three  dimensional  struc¬ 
tures  has  been  an  important  research  topic  in 
almost  every  engineering  domain.  Surprisingly,  the 
most  numerically  intractable  problem  across  these 
various  discpiines  can  be  reduced  to  the  problem  of 
solving  a  three-dimensional  Laplace  problem.  Such 
problems  are  often  referred  to  as  potential  prob¬ 
lems,  and  application  examples  include  electrostatic 
analysis  of  sensors  and  actuators;  electro-  and 
magneto-quasistatic  analysis  of  integrated  circuit 
interconnect  and  packaging;  and  potential  flow 
based  analysis  of  wave-ocean  structure  interaction. 

The  recent  development  of  extremely  fast  multipole- 
accelerated  iterative  algorithms  for  solving  potential 
problems  has  renewed  interest  in  integral  equation 
formulations,  in  such  methods,  the  fast  multipole 
algorithm  is  used  to  implicitly  construct  a  sparse 
representation  of  the  dense  matrix  associated  with 
a  standard  integral  equation  formulation,  and  this 
implicit  representation  is  used  to  quickly  compute 
the  matrix-vector  products  required  in  a  Krylov  sub^ 
space  based  iterative  method  like  GMRES.  That 
the  multipole-accelerated  approach  leads  to  prac¬ 
tical  engineeering  analysis  tools  has  been  demon¬ 
strated  for  electrostatic  analysis  of  integrated  circuit 
interconnect  and  packaging  problems,”  as  well  as 
general  Laplace  problems.^^ 


We  are  extending  our  own  work  on  multipole- 
accelerated  Iterative  methods  for  potential  problems 
to  address  automatic  error  control,  which  is  the  key 
difficultly  which  prevents  such  techniques  from 
finding  broader  use  in  engineering  applications.  In 
particular,  we  are  Interested  in  first  Investigating  the 
straight-forward  problem  of  how  best  to  include 
higher-order  boundary  or  volume  elements.  We  are 
then  planning  to  use  such  a  result,  along  with  other 
error  estimation  procedures,  to  perform  automatic 
element  refinement.  The  spatial  hierarchy  already 
introduced  by  the  multipole  algorithm  and  our  use 
of  a  locally  preconditioned  iterative  scheme  make  it 
possible  to  perform  very  efficient  local  element 
refinement  and  may  allow  for  an  efficient  variable 
element  order  scheme.  Because  we  have  been 
using  realistic  examples  from  a  wide  variety  of  engi¬ 
neering  disciplines,  we  can  determine  the 
robustness  of  our  procedures. 


1.9  Circuit  Simulation  Algorithms 
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A  challenging  problem  in  the  area  of  analog  circuits 
is  the  simulation  of  clocked  analog  circuits  like 
switching  filters,  switching  power  supplies,  and 
phase-locked  loops.  These  circuits  are  computa¬ 
tionally  expensive  to  simulate  using  conventional 
techniques  because  these  kinds  of  circuits  are  all 
clocked  at  a  frequency  whose  period  is  orders  of 
magnitude  smaller  than  the  time  interval  of  interest 
to  the  designer.  To  construct  such  a  long  time  sol¬ 
ution,  a  program  like  SPICE  or  ASTAP  must  calcu¬ 
late  the  behavior  of  the  circuit  for  many  high 
frequency  clock  cycles.  The  basic  approach  to 
making  simulation  of  these  circuits  more  efficient  is 


Design,  Santa  Clara,  California,  November  November  1992,  pp.  438-442;  M.  Kamon,  K.  Nabors,  J.  White,  *Multipole-Accelerated  3-D 
Interconnect  Analysis,'  Proceedings  of  the  International  Workshop  on  VLSI  Process  and  Device  Modeling  (VPAD),  Nara,  Japan,  May 
1993,  forthcoming. 
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to  exploit  only  the  property  that  the  behavior  of 
such  a  circuit  In  a  given  high  frequency  clock  cycle 
is  similar,  but  not  identical,  to  the  behavior  in  the 
preceding  and  following  cycles.  Therefore,  by 
accurately  computing  the  solution  over  a  few 
selected  cycles,  an  accurate  long  time  solution  can 
be  constructed.  Such  approaches  are  known  as 
"envelope-following”  algorithms. 

In  our  recent  work,  we  have  been  trying  to  make 
the  envelope-following  algorithm  more  robust  and 
efficient  by  exploiting  the  fact  that  the  envelope  of 
"quasi-algebralc"  components  in  the  solution  vector 
do  not  need  to  be  computed.  An  automatic  method 
for  determining  the  quasi-algebralc  solution  compo¬ 
nents  has  been  derived;  experimental  results  dem¬ 
onstrate  that  this  modified  method  reduces  the 
number  of  computed  clock  cycles  when  applied  to 
simulating  closed-loop  switching  power  converters.” 


To  help  support  our  work  in  interconnect  analysis, 
we  are  developing  algorithms  for  efficient 
SPICE-level  simulation  of  elements  with  arbitrary 
frequency-domain  descriptions,  such  as  scattering 
parameters.  That  is,  an  element  can  be  represented 
in  the  form  of  a  frequency-domain  model  or  a  table 
of  measured  frequency-domain  data.  Our  approach 
initially  uses  a  forced  stable  decade-by-decade  U 
minimization  approach  to  construct  a  sum  of 
rational  functions  approximation,  but  the  approxi¬ 
mation  has  dozens  of  poles  and  zeros.  This  unnec¬ 
essarily  high-order  model  is  then  reduced  using  a 
guaranteed  stable  model  order  reduction  scheme 
based  on  balanced  realizations.”  Once  the 
reduced-order  model  is  derived,  it  can  be  combined 
with  any  inherent  delay  (for  transmission  line 
models)  to  generate  an  impulse  response.  Finally, 
following  what  is  now  a  standard  approach,  the 
impulse  response  is  efficiently  incorporated  in  the 
circuit  simulator  SPICE3  using  recursive  convo¬ 
lution. 


1.10  TechnIquM  for  Emboddod  Syotom 
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1.10.1  Introduction 

Complex  digital  systems  have  always  combined 
application-specific  integrated  circuits  (ASICs)  and 
reprogrammable  components,  such  as  off-the-shelf 
microprocessors,  where  the  application-specific 
component  is  often  referred  to  as  the  hardware 
component,  and  the  program  running  on  the  repro¬ 
grammable  component  is  referred  to  as  the  soft¬ 
ware  component.  More  recently,  however,  to 
achieve  higher  performance  and  density,  as  well  as 
lower  power  dissipation  and  cost,  designers  have 
turned  to  more  complicated  packaging  and  are 
much  more  careful  about  distributing  functionality 
between  ASICs  and  reprogrammable  components. 
Examples  of  such  systems  include  embedded 
control  systems  for  printing  and  plotting,  telecom¬ 
munications  systems,  and  other  signal  processing 
systems. 

While  most  digital  functions  can  be  implemented  by 
software  programs,  a  major  reason  for  building  ded¬ 
icated  ASICs  is  to  satisfy  performance  constraints. 
Specialized  integrated  circuits  are  needed  to  assist 
the  reprogrammable  component  for  certain 
performance-critical  tasks.  In  some  cases,  repro¬ 
grammable  processors  can  meet  performance  con¬ 
straints.  However,  a  second  important  reason  for 
using  ASICs  is  that  ASICs  have  significantly  lower 
power  dissipation  than  reprogrammable  processors. 
Thus,  system-wide  power  dissipation  constraints 
may  be  met  by  using  dedicated  ASICs.  However, 
when  using  standard  printed  circuit  boards  to 


M.  SHveira,  J.  White,  and  S.  Leeb,  *A  Modified  Envelope-Foilowing  Approach  to  Clocked  Analog  Circuit  Simulation,'  Proceedings  of 
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Trans.  Comput.-Aided  Des.,  forthcoming. 
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provide  the  interconnect  between  ASICs  and  pro¬ 
grammable  components,  some  of  the  performance 
and  power  dissipation  advantages  of  using  ASICs 
may  be  eliminated.  For  this  reason,  the  use  of 
novel  interconnect  structures  like  multichip  modules 
(MSMs)  and  three-dimensional  padding  is 
increasing. 

Our  focus  is  on  solving  several  criticai  problems  in 
the  design  and  verification  of  these  large-scale 
digital  systems  and  targeting  maximal  performance 
aitd  minimal  power  dissipation.  Currently,  large- 
scale  digital  systems  exj^it  sophisticate  pack¬ 
aging  methods.  However,  in  the  near  future  most 
of  the  hardware  for  such  systems  will  be  integrated 
on  a  single  chip.  In  this  context,  we  are  addressing 
the  problems  described  in  the  following  sections. 


1.10.2  Embedded  System  Design  Aids 

Currently,  we  lack  the  CAD  tools  that  would  allow 
for  the  quick  and  efficient  design  of  a  high  level 
mixed  hardware/software  system  or  an  embedded 
system.  Most  ASICs  that  correspond  to  application- 
specific  processors  in  mixed  hardware/software 
systems  contain  a  ROM  which  occupies  a  large 
fraction  of  the  area  of  the  chip  and  contributes  sig¬ 
nificantly  to  the  power  dissipation.  The  size  of  the 
ROM  is  determined  by  the  amount  of  code  that  it 
must  store,  which,  in  turn,  is  generated  by  a  compi¬ 
lation  process  from  a  higher  level  software  specifi¬ 
cation.  Separate  ROM  chips  may  aiso  be 
associated  with  the  reprogrammable  processors  in 
the  system. 

Compilation  methods  play  a  very  important  part  in 
embedded  system  design.  While  compilation  tech¬ 
niques  are  well-developed  for  purely  software 
systems,  a  direct  usage  of  these  techniques  to  gen¬ 
erate  code  in  mixed  hardware/software  systems  is 
not  recommended.  Typically,  these  techniques 
attempt  to  maximize  system  performance,  i.e.,  the 
speed  at  which  the  threads  of  code  are  executed 
without  regard  to  code  density.  In  a  mixed 
hardware/software  system  during  compilation,  one 
shouid  maximize  code  density  and  minimize  ROM 
size  while  meeting  a  system-level  performance  con¬ 
straint.  Maximizing  code  density  will  result  in 
improved  area  and  power  dissipation. 

At  present,  global,  efficient  methods  to  maximize 
code  density  during  compilation  have  not  been 
developed.  It  is  possible  to  formulate  this  problem 
as  one  of  data  compression  allowing  the  use  of 
modified  text  compression  algorithms  to  minimize 
code  size.  Graduate  student  Stan  Liao  is  devel¬ 
oping  global  and  efficient  optimization  methods  that 
will  result  in  minimally-sized  ROMs  after  compila¬ 


tion,  improving  the  area  and  power  dissipation  char¬ 
acteristics  of  the  system. 


1.10.3  Formal  Verification 

It  is  critical  to  verify  that  the  circuits  obtained  after 
application  of  sophisticated  synthesis  and  optimiza¬ 
tion  methods  to  the  initial  specification  are  error- 
free.  Formal  verification  methods  can  guarantee 
correctness  of  an  implementation  with  respect  to  a 
specification,  even  if  the  specification  and  imple¬ 
mentation  are  described  at  vastly  different  levels  of 
abstraction. 

Most  verification  problems  in  VLSI  design  require 
the  use  of  Boolean  manipulation.  Graduate  student 
Amelia  Shen  has  developed  a  representation  of 
Boolean  functions  termed  the  Free  Boolean 
Diagram  (FBD)  that  has  proven  to  be  superior  to 
other  graph  representations  of  Boolean  functions. 
A  FBD  package  capable  of  manipulating  complex 
Boolean  functions  has  been  develop^.  This 
package  sen/es  as  an  equivalence  checking  engine 
for  combinational  circuits  and  is  used  in  our  behav¬ 
ioral  verification  methodology. 

Our  work  on  the  behavioral  verification  of  ASICs 
has  been  successful  in  checking  the  equivalence  of 
descriptions  at  vastly  different  abstraction  levels, 
such  as  a  dependency  graph  of  computations  and 
a  logic-level  circuit.  In  the  past  year,  graduate 
student  Vishal  Bhagwati  has  succeeded  in  devel¬ 
oping  a  formal  methodology  for  checking  the  equiv¬ 
alence  of  pipelined  microprocessors  against 
unpipelined  specifications.  The  specification  is  the 
instruction  set  of  the  microprocessor  with  respect  to 
which  the  correctness  property  is  to  be  verified.  A 
relationship,  namely  the  ^-relation,  is  established 
between  the  input/output  behavior  of  the  implemen¬ 
tation  and  specification.  The  relationship  corre¬ 
sponds  to  changes  in  the  input/output  behavior  that 
result  from  pipelining,  and  takes  into  account  data 
hazards  and  control  transfer  instructions  that  modify 
pipelined  execution.  The  correctness  requirement  is 
that  the  /^-relation  hold  between  the  implementation 
and  specification.  Symbolic  simulation  of  the  specifi¬ 
cation  and  implementation  is  used  to  verify  their 
functional  equivalence.  The  pipelined  and  unpip^ 
lined  microprocessor  can  be  characterized  as  defi¬ 
nite  machines  (i.e.,  a  machine  in  which  for  some 
constant  k,  the  out^  of  the  machine  depends  only 
on  the  last  k  inputs)  for  verification  purposes.  It  can 
be  shown  that  only  a  small  number  of  cycles,  rather 
fiian  exhaustive  state  transition  graph  traversal  and 
state  enumeration,  must  be  simulated  for  each 
machine  to  verify  whether  the  implementation  is  in 
^-relation  with  the  specification. 
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The  verification  problems  associated  with  mixed 
hardware/software  systems  are  much  more  difficult 
to  solve  than  those  encountered  in  ASICs.  While 
simulation  is  an  integral  part  of  verification  method¬ 
ology,  it  can  be  very  expensive  and  time- 
consuming.  Formal  verification  methods  for  such 
systems  are  thus  very  attractive.  The  next  chal¬ 
lenge  is  to  develop  a  verification  methodology  for 
dicing  the  equivalence  of  a  software  desertion 
of  the  functionality  of  the  entire  system  against  a 
mixed  hardware/software  implementation. 


1.10.4  Logic  Synthesis  for  Low  Power 

For  many  consumer  electronic  applications,  low 
average  power  dissipation  over  a  system-wide 
basis  is  desirable,  and,  for  certain  special  applica¬ 
tions,  low  power  dissipation  is  of  critical  importance. 
For  applications  such  as  personal  communication 
systems  like  hand-held  mobile  telephones,  low- 
power  dissipation  may  be  the  tightest  constraint  in 
the  design.  More  generally,  with  the  increasing 
scale  of  integration,  we  believe  that  power  dissipa¬ 
tion  will  assume  greater  importance,  especially  in 
multi-chip  modules  (MCMs)  where  heat  dissipation 
is  one  of  the  biggest  problems. 

The  average  power  dissipation  of  a  circuit,  like  its 
area  or  speed,  may  be  significantly  improved  by 
changing  its  architecture  or  technology.  But  once 
these  architectural  or  technological  improvements 
have  been  made,  the  switching  of  the  logic  and 
leakage  currents  will  ultimately  determine  its  power 
dissipation.  Traditionally,  logic  synthesis  has  been 
applied  to  improve  the  area  or  speed  of  a  circuit. 
We  are  developing  methods  for  fast,  accurate  logic- 
level  power  estimation  methods  that  will  help  devel¬ 
opment  of  architectural  and  logic-level  synthesis 
strategies  that  target  low  power.  We  believe  that 
the  development  of  logic  optimization  algorithms 
that  directly  target  low  power  dissipation  poses  the 
next  major  challenge  for  logic  synthesis. 

Switching  activity  is  the  primary  cause  of  power  dis¬ 
sipation  in  CMOS  circuits.  Accurate,  average 
switching  activity  estimation  for  sequential  circuits  is 
considerably  more  difficult  than  for  combinational 
circuits,  because  the  probability  of  the  circuit  being 
in  each  of  its  possible  states  has  to  be  calculated. 
The  Chapman-Kolmogorov  equations  can  be  used 
to  accurately  estimate  the  power  dissipation  of 
sequential  circuits  by  computing  the  exact  state 
probabilities  in  steady  state.  However,  the 
Chapman-Kolmogorov  method  requires  the  solution 
of  a  linear  system  of  equations  of  size  2N,  where  N 
is  the  number  of  flip-flops  in  the  machine. 

Graduate  student  Jos4  Monteiro  has  developed  a 
computationally  efficient  scheme  to  approximate 


average  switching  activity  whidi  requires  the  sol¬ 
ution  of  a  non-Hnear  system  of  equations  of  size  N, 
where  the  variables  correspond  to  stde  line  proba¬ 
bilities.  The  approximation  method  is  within  three 
percent  of  the  exact  method,  but  is  up  to  100  times 
faster  for  large  circuits. 

Graduate  student  Mazhar  M.  Aiidina  has  developed 
a  powerful  sequential  logic  optimization  method  that 
is  based  on  (1)  selectively  precomputing  the  output 
logic  values  of  the  circuit  one  clock  cycle  before  the 
vdues  are  required  and  (2)  using  the  pr^mputed 
values  to  reduce  internal  switching  activity  in  the 
succeeding  clock  cycle. 

The  primary  optimization  step  is  the  synthesis  of 
the  precomputation  logic,  which  computes  the 
output  values  for  a  subset  of  input  conditions.  If  the 
output  values  can  be  precomputed,  the  original 
logic  circuit  can  be  "turned  ofT  in  the  next  dock 
cycle  and  will  not  have  any  switching  activity.  The 
size  of  the  precomputation  logic  distermines  the 
power  dissipation  redudion,  area  increase,  and 
delay  increase  relative  to  the  original  circuit. 

Given  a  logic-level  sequential  circuit,  we  are  devel¬ 
oping  automatic  methods  of  synthesizing  precompu¬ 
tation  logic  to  achieve  maximal  reductions  in  power 
dissipation. 
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2.1  Introduction 
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Computer-Aided  Fabrication  Environment  (CAFE)  is 
a  software  system  being  developed  at  MIT  for  use 
in  the  fabrication  of  integrated  circuits  and  micro¬ 
structures.  The  distinguishing  feature  of  CAFE  is 
that  it  can  be  used  in  all  phases  of  process  de^n, 
development,  planning,  and  manufacturing  of  inte¬ 
grated  circuit  wafers.  CAFE  presently  provides  day 
to  day  support  to  research  and  production  facilities 
at  MIT  with  both  flexible  and  standard  product 
capabilities.  This  manufacturing  software  system  is 
unique  in  its  development  of  a  process  flow  repre¬ 
sentation  which  is  integrated  into  actual  fabrication 
operations.  CAFE  provides  a  platform  for  work  in 
several  active  research  areas,  including  "tech¬ 
nology”  (process  and  device)  computer-aided 
design  (TCAD),  process  modeling,  manufacturing 
quality  control,  and  scheduling. 


2.1.1  ArchHPCtuiP 

The  CAFE  architecture  is  a  computer  integrated 
manufacturing  (CIM)  framework  for  the  deployment 
and  integration  of  integrated  circuits  (iC)  circuit  and 
process  design  and  manufacturing  sr^are.  CAFE 
uses  an  object-oriented  database  model  which  is 
implemented  in  a  layered  manner  on  top  of  a  rela¬ 
tional  database.  Our  database  schema  is  based  on 
GESTALT,  an  object-oriented,  extensible  data 
model.  GESTALT  is  a  layer  of  abstraction  whidi 
maps  user  defined  objects  onto  existing  database 
systems  (e.g.,  a  relational  DBMS)  and  shields  appli¬ 
cation  programs  from  the  details  of  the  underling 


database.  The  integration  architecture  includes  the 
conceptual  schema  and  models  used  to  represent 
the  IC  manufacturing  domain  in  CAFE  and  the  user 
and  programmatic  interfaces  to  the  various  applica¬ 
tions.  Two  important  CAFE  applications  relate 
process  simulation  and  actual  water  fabrication  to 
the  same  process  flow  representation. 


2.1.2  CAFE  Applications 

The  fabrication  of  wafers  with  a  process  repres¬ 
ented  as  a  process  flow  representation  (PFR) 
involves  several  steps.  A  suitabie  PFR  for  the  spe¬ 
cific  process  must  be  created  and  installed.  Wafer 
lots  must  be  created  and  associated  with  this  spe- 
dfic  PFR.  These  lots  must  then  be  "started"  to 
create  a  task  data  structure  which  is  isomorphic  to 
the  hierarchical  structure  of  the  PFR. 

At  this  point,  actual  machine  operatiorte  can  be 
scheduled  and  reservations  made  for  both 
machines  and  operators.  Rnally,  the  machine 
operations  can  be  performed,  instructions  given  to 
the  operator  and  machines,  and  data  collected  from 
the  operator  or  machine  and  entered  into  the  data¬ 
base. 

Current  work  involves  the  implementation  of  hierar¬ 
chical  scheduling,  development  of  factory  design 
tools,  real  time  process  control  using  the  PFR,  and 
integration  of  a  TCAD  system  using  the  PFR. 


2.2  Principal  Objectives 

There  were  two  principal  objectives;  (1)  installation 
of  CAFE  at  MIT  Lincoln  Laboratory  and  (2)  develop¬ 
ment  of  a  microsystems  factory  representation 
(MFR). 
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2^.1  IMT  Lincoln  Laboratory  Installation 

MIT  Lincoln  Laboratory  has  selected  CAFE  as  the 
CIM  system  for  use  in  a  new  1C  processing  facility. 
CAFE  is  now  in  operation  at  Lincoln  Laboratory, 
and  multiple  lots  are  being  processed  daily  via 
PFR-based  fabrication.  Lincoln  Laboratory  is  com¬ 
mitted  to  having  all  the  wafers  process^  in  this 
facility  with  PFR-based  fabrication. 


2.2.2  Microsystems  Factory  Representation 

We  have  embarked  on  a  new  research  initiative  to 
develop  a  microsystems  factory  representation 
(MFR).  The  goal  of  the  MFR  is  to  be  a  powerful, 
common  language  with  which  semiconductor  facto¬ 
ries  can  be  described  unambiguously.  MFR  will  be 
used  to  organize  static  data  pertaining  to  resources 
of  production  systems.  That  is.  it  will  describe  all 
attributes  of  the  factory  that  do  not  change  very 
often.  The  MFR.  the  state  (and  its  evolution),  the 
PFR.  the  demand,  and  the  scheduler  will  provide  all 
data  necessary  for  simulations,  analytical  calcula¬ 
tions  of  performance  measures,  and  for  the  imple¬ 
mentation  of  factory  controllers.  A  system  created 
from  these  items  can  represent  either  a  real  factory 
or  a  simulation  of  a  factory.  The  only  difference  is 
in  the  state  and  its  dynamics.  In  a  real  factory, 
events  occur  either  as  a  result  of  decisions  made 
by  the  scheduler  (controllable  events  such  as 
loading  lots)  or  at  random  (uncontrollable  events 
such  as  machine  failures).  In  a  simulation,  the 
random  events  are  synthesized  by  means  of  a 
random  number  generator. 


2.3  Principal  Accomplishments 


2.3.1  CAFE  Installation  at  MIT  Lincoln 
Laboratory  and  Expanded  PFR-Based  1C 
Fabrication 

The  CAFE  architectural  framework  at  Lincoln  Labo¬ 
ratory  supports  a  wide  variety  of  software  modules 
including  both  development  tools  and  on-line  appli¬ 
cations.  The  key  components  of  the  CAFE  architec¬ 
ture  are  the  data  model  and  database  schema, 
process  flow  representation,  user  interface,  and 
application  programming  and  database  interfaces. 
The  approach  of  the  MIT  PFR  is  to  use  the  same 
representation  for  multiple  purposes  including  simu¬ 
lation,  scheduling,  process  control,  and  fabrication. 
The  PFR  provides  an  extensible  framework  for 
knowledge  about  process  steps  including 
instructions  to  operators  and  equipment,  scheduling 
requirements,  changes  effected  to  the  wafer 
product,  and  physical  process  model  parameters. 


A  primary  reason  for  this  selection  is  that  CAFE 
supports  PFR-based  fabrication  and  has  demon¬ 
strated  process  simulation  driven  the  same  PFR. 
Other  reasons  include  CAFE'S  use  of  a  robust  com¬ 
mercial  database,  provision  of  an  ASCII  process 
definition,  flexible  process  descriptions,  handling  of 
splits  and  joins,  and  satisfactory  user  interface 
support.  In  conjunction  with  this  selection,  there 
have  been  substantial  improvements  in  CAFE.  The 
speed  of  operation  has  been  dramatically 
increased,  and  a  number  of  significant  new  applica¬ 
tions  have  been  developed.  An  important  enhance¬ 
ment  was  the  ability  to  execute  ai^ications  in  the 
background  and  at  slack  times  in  the  evening  or 
early  morning.  An  important,  new  application  devel¬ 
oped  displays  the  queue  of  lots  available  for  pro¬ 
cessing  at  a  machine  or  set  of  machines. 

A  major  task  was  to  write  a  la^e  number  of  unit 
processes  into  the  PFR.  A  new  application  was 
developed  to  enable  production  of  detailed  reports 
from  a  PFR-based  encoding  without  actually 
installing  the  process.  Changes  and  enhancements 
to  the  PFR  and  utility  functions  which  facilitated  the 
expression  of  the  required  processing  will  be 
described.  In  addition,  a  scheme  for  sharing  of 
installed  process  flows  has  been  provided. 


2.3.2  Microsystems  Factory  Representation 

The  microsystems  factory  representation  (MFR)  is 
conceived  to  be  a  power^l,  common  language  with 
which  semiconductor  factories  can  be  described 
unambiguously.  The  MFR  will  specify  the  organiza¬ 
tion  of  static  data  pertaining  to  resources  of  pro¬ 
duction  systems;  that  is,  it  will  describe  all  attributes 
of  the  factory  that  do  not  change  very  often.  The 
MFR  will  also  specify  the  static  data  itself  and  the 
organization  of  the  dynamic  data. 

The  MFR  is  designed  to  be  used  in  conjunction  with 
a  set  of  representations  of  other  semiconductor 
factory  data.  They  include: 

1.  The  state  of  the  factory,  a  list  of  all  relevant 
dynamic  information.  The  evolution  of  the  state 
provides  a  history  of  the  factory's  activities. 

2.  The  process  flow  representation  (PFR),  a  rep¬ 
resentation  of  the  process  that  is  used  to 
produce  a  given  product. 

3.  The  demand,  all  information  available  about 
future  requirements  including  known  specific 
orders,  long  range  forecasts,  and  any  statistical 
measures  of  uncertainty. 

4.  The  scheduler  and  the  set  of  rules  by  which 
the  factory  is  run.  The  scheduler  takes  infor- 
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mation  from  the  current  state,  MFR,  PFR,  and 
demand,  and  makes  a  decision  atxiut  which 
operation  to  do  next,  where  to  move  lots,  etc. 
This  decision,  when  implemented,  determines 
the  next  value  of  the  state. 

The  MFR,  state  (and  its  evolution),  PFR,  demand, 
and  scheduler  will  provide  all  necessary  data  for 
simulations,  analytical  calculations  of  performance 
measures,  and  implementation  of  factory  control¬ 
lers.  When  a  system  is  created  from  these  items, 
the  state  evolves;  reports  are  generated  that  sum¬ 
marize  the  behavior  of  the  state  over  time.  These 
reports  include  such  performance  measures  as 
average  in-process  inventory,  mean  cycle  time, 
machine  utilization,  etc. 

The  system  created  in  this  manner  can  represent 
either  a  real  factory  or  a  simulation  of  a  factory. 
The  only  difference  is  in  the  state  and  its  dynamics. 
In  a  real  factory,  events  occur  either  as  a  result  of 
decisions  made  by  the  scheduler  (controllable 
events  such  as  loading  lots)  or  at  random  (uncon¬ 
trollable  events  such  as  machine  failures).  In  a 
simulation,  the  random  events  are  synthesized  by 
means  of  a  random  number  generator. 

One  important  goal  of  our  approach  to  scheduling 
and  simulation  is  that  the  MFR  and  PFR,  and  their 
use,  are  designed  to  be  the  same,  whether  they  are 
part  of  a  real-time  factory  management  system,  or  a 
simulation  of  a  factory.  Future  demand  information 
can  also  be  used  in  the  same  way,  whereas  current 
orders  may  have  to  be  synthesized  in  a  simulation. 


2.4  Process  Flow  Representation 

Project  Staff 

Professor  Donald  E.  Troxel,  Michael  B.  Mclirath 

The  objective  of  this  project  is  the  development  of  a 
process  flow  representation  (PFR)  for  the  inte¬ 
gration  of  technology  (process  and  device)  CAD 
(TCAD)  into  1C  semiconductor  computer  integrated 
manufacturing  (CIM).  The  effort  has  proceeded  on 
three  major  fronts:  fundamental  modeling,  applica¬ 
tion  to  process  design  and  fabrication  at  MIT,  and 
cooperative  work  with  industry  to  define  and  test  a 
process  representation  standard. 

For  high  performance  computing  systems  and  other 
advanced  technology,  concurrence  in  the  design  of 
the  product,  manufacturing  process,  and  factory  is 
crucial.  The  goal  is  to  achieve  fully  integrated 
design  and  manufacture,  in  which  the  boundary 
between  design  and  manufacturing  domains  is  elim¬ 
inated.  In  particular,  information  from  the  manufac¬ 
turing  floor  is  continuousiy  availabie  from  the 


earliest  stages  of  process  and  device  design 
onward.  Converseiy,  the  manufacturing  process, 
developed  concurreritty  with  the  product,  continues 
to  undergo  design  via  improvement  and  modifica¬ 
tion  while  in  production.  Computer  integrated 
design  and  manufacture  (CIDM),  therefore,  requires 
a  coherent  manufacturing  process  representation 
which  is  capable  of  storing  information  from  a 
variety  of  different  knowledge  domains  and  disci¬ 
plines  as  well  as  supporting  access  to  this  informa¬ 
tion  in  a  consistent  manner.  We  beiieve  that  our 
general  semiconductor  process  modeling  framework 
organizes  the  complexity  of  this  interrelated  infor¬ 
mation  and  puts  our  PFR  on  a  sound  footing  by 
giving  it  clear  semantics. 

A  high  level  conceptual  model  for  describing  and 
understanding  semiconductor  manufacturing  pro¬ 
cessing  is  a  crucial  element  of  both  the  CIDM 
research  program,  and  of  software  frameworks  for 
TCAD  and  CIM,  including  the  MIT  Computer  Aided 
Fabrication  Environment  (CAFE).  Initi^ly  a  "two- 
stage”  generic  process  step  model  was  u£^,  which 
described  processing  steps  in  terms  of  two  inde¬ 
pendent  components:  (1)  an  ^uipment-dependent, 
wafer-independent  stage,  which  m^  equipment 
settings  to  physical  processing  environments,  and 
(2)  an  equipment-independent,  wafer-dependent 
stage,  which  relates  physical  environments  to 
changes  in  the  input  wafers.  Driven  by  the  needs 
of  process  control  and  optimization  research, 
including  sophisticated  modeling,  design,  and 
experimental  model  verification,  our  fundamental 
conceptual  process  model  has  evolved  from  the 
two-stage  generic  process  model  into  one  which  is 
part  of  a  more  general  process  modeling  frame¬ 
work,  in  which  the  earlier  two-stage  model  is  a 
special  case.  Our  approach  to  process  represen¬ 
tation  for  both  TCAD  and  CIM  is  based  on  this 
general  modeling  framework  for  semiconductor  pro¬ 
cessing.  In  this  framework,  state  information  (e.g., 
wafer,  environment,  and  equipment  state),  and 
models,  or  transformations,  that  describe  relation¬ 
ships  between  state  descriptions,  are  formally  iden¬ 
tified  and  described.  The  purpose  of  this 
comprehensive  framework  is  to  enaUe  an  effective 
representation  that  can  be  used  throughout  the  1C 
semiconductor  process  life-cycle,  from  early  con¬ 
ception  and  design  phases  through  fabrication  and 
maintenance. 

In  the  MIT  CAFE  system,  the  PFR  is  expressed  in 
a  textual  (ASCII)  format  and  then  converted  into 
Gestalt  objects  and  loaded  into  the  CAFE  data¬ 
base.  The  textual  language  of  the  PFR  is 
extensible,  so  that  it  can  flexibly  acx»mmodate 
changes  and  extensions  to  both  the  underlying 
modeling  methodology  and  the  requirements  of 
specific  applications.  The  object-oriented  nature  of 


311 


Chapter  2.  Computer-Integrated  Design  and  Manufadure  of  Integrated  Circuits 


the  Qestatt  database  interface  enables  the  conven¬ 
ient  evoiutionary  development  of  CAFE  software 
applications  built  around  the  PFR.  The  PFR  allows 
process  step  descriptions  to  be  "underdetermined*: 
for  examr^e,  by  expressing  only  the  wafer-state 
change,  maWng  it  possible  to  develop  a  process 
incrementally  with  increasing  degrees  of  detail.  In 
addition  to  expressing  the  fundamental  concepts  of 
wafer  transformation  within  individual  process  steps, 
the  PFR  supports  both  hierarchical  and  parameter 
abstraction  and  embedded  computation,  thereby 
providing  support  for  modular  process  design  and 
development.  Processes  expressed  in  the  PFR  can 
be  simulated  using  a  variety  of  technology  CAD 
tools;  PFR  extensibility  allows  the  incorporation  of 
both  simulator-dependent  and  simulator- 
independent  information.  A  simulation  manager 
application  uses  the  appropriate  information  In  the 
PFR  along  with  knowMge  of  specific  simulators  to 
invoke  simulation  tools  and  maintain  a  simulation 
state. 

Extensions  to  the  textual  PFR  and  to  the  corre¬ 
sponding  database  schema  support  specification  of 
individual  wafers  or  wafersets  (sublots,  or  splits) 
within  a  lot  for  processing,  and  specification  of  engi¬ 
neering  holds  at  a  particular  step  in  the  process 
sequence.  An  engineering  hold  might  be  planned, 
for  example,  as  part  of  the  fabrication  specification 
for  a  process  which  is  currently  under  experimental 
development.  In  conjunction  with  developments  in 
CAFE  that  support  dynamic  modification  of  pro¬ 
cesses  in  the  fabrication  line,  the  "hold"  capability  in 
the  PFR  can  also  be  used  in  response  to  unex¬ 
pected  events  that  occur  during  fabrication.  With 
these  manufacturing  extensions,  the  PFR  is  used  in 
the  CAFE  system  at  the  MIT  Integrated  Circuits 
Laboratory  (ICL)  for  the  fabrication  processes  sup¬ 
ported  by  the  ICL  technical  staff,  with  ail  processing 
operations  driven  by  CAFE  from  the  PFR  stored  in 
the  database. 

Work  has  also  proceeded  on  the  definition  of  a 
standard  semiconductor  process  representation 
(SPR)  for  use  in  both  industry  and  research  tabs,  in 
association  with  the  industry  CAD  Framework  initi¬ 
ative  (CFI)  Technical  Subcommittee  on  Technology 
CAD  in  defining  broadly  applicable  TCAD  frame¬ 
work  standards.  Michael  Mclirath  is  currently  the 
chair  of  the  working  group  on  SPR.  Based  largely 
on  the  concepfoal  process  model  described  above, 
a  high  level  information  model  of  semiconductor 
processes  is  being  developed  in  conjunction  with 
Motorola,  IBM,  and  Texas  Instruments,  and  other 
industry  and  university  representatives.  A  prototype 
SPR  implementation  and  programming  interface 
has  been  developed  and  employed  in  an  exper¬ 
imental  TCAD  framework,  which  included  an  imple¬ 
mentation  of  the  semiconductor  wafer 


representation  (SWR)  and  tools  developed  by 
Industry  and  other  university  researchers. 


2^  Technology  CAD  Framework 

Proleet  staff 
Michael  B.  Mclirath 

Contemporary  large-scale  software  system  engi¬ 
neering  emphasizes  frameworks,  wherein  common 
structure  and  interface  spedfloitions  enable  both 
current  and  future  software  components  to  be  inte¬ 
grated  in  a  flexible  and  modular  way.  Software 
may  be  roughly  divided  into  tools,  such  as  a  simu¬ 
lator,  which  perform  some  part  of  an  application 
task,  and  senrices,  such  as  a  database,  which 
provide  some  necessary  support  capability  used  by 
various  tools.  With  framework  standards,  reusable, 
interdiangeable  software  components  from  various 
suppliers  may  be  deployed  in  systems  which 
comply  with  the  standard.  In  the  broad  sense,  a 
framework  standard  specifies: 

1.  data  representations  for  the  objects  of  dis¬ 
course  in  the  application  domain  and  their 
semantics,  and  programmatic  interfaces  to 
those  representations,  and 

2.  architecture;  that  is,  interactions  among  soft¬ 
ware  components  (tools  and  services),  and 
how  tools  fit  together  to  perform  application 
tasks  for  the  user. 

Frameworks  have  been  particularly  successful  in 
the  development  of  electronic  circuit  CAD  systems. 
Standards  for  CAD  frameworks  are  currently  being 
established  by  the  CAD  Framework  Initiative  (CFI), 
a  broad  organization  of  vendor  and  user  companies 
which  has  now  expanded  its  scope  to  include  tech¬ 
nology  (process  and  device)  CAD.  A  technology 
CAD  (TCAD)  framework  standard  includes  pro¬ 
gramming  representations  for  the  fundamental 
objects  of  process  and  device  CAD:  the  physiced 
structures  on  the  wafer,  the  manufacturing  process, 
and  the  structure  and  behavior  of  the  resulting 
devices.  A  TCAD  framework  standard  also  speci¬ 
fies  how  application  software  is  structured  to  use 
these  representations  and  the  underlying  software 
services  in  process  and  device  design  and  simu¬ 
lation  activities. 

At  present,  development  of  TCAD  framework  archi¬ 
tectural  standards  has  been  limited  to  (1)  specifica¬ 
tions  of  implementation  and  interfaces  for  the  wafer 
and  process  representations  and  (2)  use  of  domain- 
independent  framework  standards,  such  as  intertool 
communication  (ITC),  user  interface  (Ul),  and 
extension  language  specifications.  We  are  investi- 


312  RLE  Progress  Report  Number  136 


Chapter  2.  Computer-Integrated  Design  and  Manufacture  of  Integrated  Cirouiti 


gating  higher-level  architectural  issues,  such  as  the 
interrelationships  between  the  framework  data 
representations  and  the  connection  of  compliant 
tools  to  achieve  end-user  design  ot^ectives.  We 
are  also  looking  at  the  larger  questtons  of  the 
relationship  between  frameworks  for  different 
related  domains  (e.g.,  circuit  CAD  and  TCAO)  and 
integration  of  design  frameworks  into  frameworks 
for  CIM. 


2.6  Publications 


Internal  Publlcatlona 

Ahn,  S.,  S.  Gershwin,  M.  Stamatopoulos,  and  D.E. 
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Process  Flow  Representation,  Vers.  3.1.  CIDM 
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Stamatopolous,  M.,  D.E.  Trexel,  S.  Ahn,  and  S. 
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Mclirath,  M.B.  'Process  Flow  Representation  for 
TCAD  Frameworks,"  SEMATECH,  Dallas, 
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Mclirath,  M.B.  "Process  Flow  Representation  in 
Computer  Integrated  Design  and  Manufacturing 
Research."  SEMATECH,  Dallas,  Texas,  April 
22, 1993. 

Mclirath,  M.B.  Session  Chair  at  the  SRC/ARPA 
CIM-IC  Workshop,  Carnegie  Mellon  University, 
Pittsburgh,  Pennsylvania,  August  24-26, 1993. 

Stamatopolous,  M.,  D.E.  Troxel,  S.  Ahn,  and  S. 
Gershwin,  "Microsystems  Factory  Represen¬ 
tation."  (Abstract)  Presentation  at  the  Eighth 
Annual  SRC/ARPA  CIM-IC  Workshop,  Carnegie 
Mellon  University,  Pittsburgh,  Pennsylvania, 
August  24-26, 1993. 

Troxel,  D.E.,  J.M.  Knecht,  T.M.  Murguia,  G.R. 
Young,  and  T.J.  Lohman.  "CAFE  Installation  at 
the  Lincoln  Laboratory  and  Expanded  PFR 
Based  1C  Fabrication.”  (Abstract)  Presentation 
at  the  Eighth  Annual  SRC/ARPA  CIM-IC  Work¬ 
shop,  Carnegie  Mellon  University,  Pittsburgh, 
Pennsylvania,  August  24-26,  1993. 

Troxel,  D.E.  "CAFE  Installation  at  Lincoln  Labora¬ 
tory,"  Presentation  at  the  MIT  MTL  Research 
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Aeadtinic  and  Ranitch  Stiff 

Professor  Alan  V.  Oppenheim,  Professor  Arthur  B.  Baggeroer,  Professor  Gregory  W.  Women,  Giovanni 
Aliberti 

Visiting  Scientlats  and  Raaaarch  Affilialas 

Dr.  Bernard  Gold,  Dr.  Bruce  R.  Musicus,’  Dr.  S.  Hamid  Nawab,‘  Dr.  James  C.  Prelsig,  Dr.  Ehud  WelnstelrP 
Graduate  Student! 

Stanley  W.  Brown,  John  R.  Buck,  Kevin  M.  Cuomc,  Chrlstoforos  N.  Hadjicostis,  Steven  H.  Isabelle,  Jacek 
Jachner,  Warren  M.  Lam,  Jeffrey  T.  Ludwig,  John  P.  Mann,  James  M.  Ooi,  Haraiabos  C.  Papadopoulos, 
Denis  J.  Peregrym,  Brian  M.  Perreault.  Michael  D.  Richard,  Stephen  F.  Scherock,  Li  Shu,  Andrew  C.  Singer, 
Shawn  M.  Verbout,  Kathleen  E.  Wage,  Kambiz  C.  Zangi 

Technical  and  Support  Staff 

Sally  C.  Santiago 


1.1  introduction 

The  field  of  digital  signal  processing  grew  out  of  the 
flexibility  afforded  by  the  use  of  digits  computers  in 
implementing  signal  processing  algorithms  and 
systems.  It  has  since  broadened  into  the  use  of  a 
variety  of  both  digital  and  analog  technologies, 
spanning  a  broad  range  of  applications,  band- 
widths,  and  realizations.  The  Digital  Signal  Pro¬ 
cessing  Group  carries  out  research  on  ^orithms 
for  signal  processing  and  their  applications.  Current 
application  areas  of  interest  include  signal  enhance¬ 
ment,  active  noise  cancellation,  processing  of 
speech,  music  and  undenwater  acoustic  signals, 
advanced  beam  forming  for  radar  and  sonar 
systems,  and  signal  coding  and  transmission. 

In  some  of  our  recent  work,  we  have  developed 
new  methods  for  signal  enhancement  and  noise 
cancellation  with  single  or  multisensor  measure¬ 
ments.  We  have  also  been  developing  new 
methods  for  representing  and  analyzing  fractal 
signals.  This  class  of  signals  arises  in  a  wide 
variety  of  physical  environments  and  also  has 
potential  application  in  problems  involving  signal 
design.  We  are  also  exploring  potential  uses  of 
nonlinear  dynamics  and  chaos  theory  for  signal 
design  and  analysis. 


In  other  research,  we  are  investigating  the  applica¬ 
tion  of  signal  and  array  processing  to  ocean  and 
structural  acoustics  and  geophysics.  These  prob¬ 
lems  require  the  combination  of  digital  signal  pro¬ 
cessing  tools  with  a  knowledge  of  wave  propagation 
to  develop  systems  for  short-time  spectral  analysis, 
wave  number  spectrum  estimation,  source  localiza¬ 
tion,  and  matched  field  processing.  We  emphasize 
die  use  of  real-world  data  from  laboratory  and  field 
experiments  such  as  the  Heard  Island  Experiment 
for  Acoustic  Monitoring  of  Global  Warming  and 
several  Arctic  acoustic  experiments  conducted  on 
the  polar  ice  cap. 

Our  group  is  also  involved  in  research  on  new 
signal  processing  techniques  for  multiuser  wireless 
communication  systems.  The  intended  applications 
range  from  mobile  radio  networks  to  indoor  per¬ 
sonal  wireless  systems  to  digital  audio  and  tele¬ 
vision  broadcast  systems.  Of  special  interest  are 
broadband  spread  spectrum  systems  and  code¬ 
division  muitiple  access  networte  both  for  conven¬ 
tional  and  secure  transmission. 

Much  of  our  work  involves  close  collaboration  with 
the  Woods  Hole  Oceanographic  Institution,  MIT 
Lincoln  Laboratory,  and  a  number  of  high  tech¬ 
nology  companies  in  the  Boston  area. 


1  Bolt,  Boranok,  and  Nawman,  Inc.,  Cambridga,  Masaadiusatts. 
i  Asaodala  Profasaor,  Boalon  Univaralty,  Cdlaga  of  Englnaarlng,  Boston,  Masaachuaatts. 

3  Dapartmant  of  Eiactrlcal  Englnaarlng,  Syatams  DivWon,  Faculty  of  Englnaarlng,  Tal-Aviv  Univaralty,  laraal;  adKmct  adantist.  Depart- 
mant  of  Applied  Ooaan  Phyalca  and  Englnaarlng,  Woods  Hda  OcaanograpMc  Institution,  Woods  Hda,  Massachusatls. 
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1.2  Active  Noise  Canceiiation  in 
Automobiiea 

Sponsor 

Bose  Corporation 

Pro|act  Staff 

Stanley  W.  Brown,  Professor  Alan  V.  Oppenheim 

A  fundamental  goal  of  this  research  is  to  determine 
the  feasibility  of  real-time  active  noise  cancellation 
within  the  interior  of  an  automobile.  Active  noise 
cancellation  in  a  volume  entails  measuring  the 
sound  field  at  a  finite  number  of  microphone 
locations  and  using  predictable  characteristics  of 
the  acoustic  noise  to  generate  and  transmit 
canceling  signals  from  one  or  more  speakers.  The 
goal  is  to  attenuate  the  noise  at  the  sensors 
through  destructive  interference. 

Using  computer  simulations  on  recorded  road 
noise,  we  will  assess  the  effectiveness  of  known 
algorithms,  such  as  the  estimate-maximize  (EM), 
least-mean  square  (LMS),  and  optimal  control 
approaches,  in  attenuating  acoustic  noise  at  a  point 
within  the  car.  An  autoregressive-moving  average 
(ARMA)  model  of  the  measured  transfer  function 
from  car  speaker  to  noise  sensor  represents  the 
effec:t  of  car  acoustics  on  the  canceling  signal. 


1.3  Single  Mode  Excitation  in  the 
Shallow  Water  Acoustic  Channel 

Sponsor 

MIT-Woods  Hole  Oceanographic  Institution 
Joint  Graduate  Program  in  Oceanographic 
Engineering 

Project  Staff 

John  R.  Buck,  Professor  Alan  V.  Oppenheim,  Dr. 
Josko  Catipovic 

Under  appropriate  conditions,  the  ocean  acts  as  an 
acoustic  waveguide,  with  sound  propagation  occur¬ 
ring  almost  entirely  through  a  discrete  set  of  normal 
modes.  Shallow  water  is  one  such  condition.  The 
goal  of  this  research  is  to  use  a  vertical  array  to 
excite  the  underwater  channel  so  that  as  nearly  as 
possible,  only  one  of  these  discrete  modes  is  prop¬ 
agating  into  the  far  field.  Knowing  that  the  propa¬ 
gating  field  consisted  originally  of  only  a  single 
mode,  tomographic  techniques  can  characterize 


and  locate  ocean  features  by  observing  the  distribu¬ 
tion  of  modes  received  downrange. 

The  problem  of  exciting  only  a  single  mode  is  easily 
solved  analytically  for  the  time-invariant  case  with  a 
unifomn  sound  speed  profile  and  bottom  topog¬ 
raphy.  However,  it  is  much  more  challenging  in  a 
realistic  ocean  environment  due  to  propagation 
losses  and  coupling  between  modes  caused  by 
time-varying  inhomogeneities  in  the  medium  and 
range-dependent  irregularities  in  the  sea  floor  and 
water  column.  Our  strategy  is  to  use  a  reference 
array  of  receivers  at  the  start  of  the  far  field  to 
obtain  information  about  the  coupling  in  the 
channel,  and  then  adaptively  update  the  source 
array  weights  to  obtain  a  single  mode  at  this  refer¬ 
ence  array. 

Currently,  we  are  focusing  our  attention  on  devel¬ 
oping  and  investigating  strategies  for  estimating  the 
coupling  between  the  sources  and  the  reference 
array,  and  tracking  the  variations  in  this  coupling 
over  time  due  to  a  variety  of  ocean  processes.  We 
are  using  detailed  ocean  acoustic  modeling  pro¬ 
grams  such  as  SAFARI  to  simulate  a  realistic 
ocean  environment  for  the  work. 


1.4  Self-Synchronization  of  Chaotic 
Systems:  Analysis,  Synthesis,  and 
Applications 

Sponsors 

Advanced  Research  Projects  Agency/ 

U.S.  Navy  -  Office  of  Naval  Research 
Grant  N0001 4-93-1 -0686 
Lockheed  Sanders,  Inc./ 

U.S.  Navy  -  Office  of  Naval  Research 
Contract  N00014-91-C-0125 
U.S.  Air  Force  -  Office  of  Scientific  Research 
Grant  AFOSR-91 -0034 

Project  Staff 

Kevin  M.  Cuomo,  Professor  Alan  V.  Oppenheim 

Chaotic  systems  provide  a  rich  mechanism  for 
signal  design  and  generation,  with  potential  applica¬ 
tions  to  communications  and  signal  processing. 
Because  chaotic  signals  are  typically  broadband, 
noise-like,  and  difficult  to  predict,  they  can  be  used 
in  various  contexts  for  masking  information-bearing 
waveforms  and  as  modulating  waveforms  in  spread 
spectrum  systems.  A  particularly  useful  class  of 
chaotic  systems  are  those  which  possess  a  self- 
synchronization  property.  Specifically,  two  identical 
chaotic  systems  may  synchronize  when  the  second 
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system  is  driven  by  the  first/  This  property  enables 
chaotic  systems  to  be  exploited  for  private  commu¬ 
nications/  A  potentiai  difficulty,  however,  is  that  the 
analysis  and  synthesis  of  chaotic  systems  is  not 
weil  understood  because  of  the  highly  nonlinear 
nature  of  these  systems. 

In  this  research,  we  develop  new  methods  for  ana¬ 
lyzing  and  synthesizing  a  dass  of  high-dimensionai 
dissipative  chaotic  systems  which  possess  the  self¬ 
synchronization  property.  For  the  class  of  chaotic 
systems  that  we  consider,  the  synchronization  is 
giobai  and  highly  robust  to  perturbations  in  the  drive 
signal.  Syn^ronization  error  models  are  derived 
which  provide  a  deeper  understanding  of  the 
inherent  robustness  of  these  systems.  We  also 
develop  several  methods  for  embedding  an 
information-bearing  waveform  in  a  chaotic  carrier 
signal  and  for  recovering  the  information  at  the  syn¬ 
chronizing  receiver.  In  addition,  the  practical 
aspects  of  synchronized  chaotic  systems  are  dem¬ 
onstrated  using  a  transmitter  and  receiver  circuit 
with  dynamics  governed  by  the  chaotic  Lorenz 
system.* 


1.5  Algebraic  and  Probabilistic 
Structure  in  FaulUTolerant  Computation 

Sponsor 

Advanced  Research  Projects  Agency/ 

U.S.  Navy  -  Office  of  Naval  Research 
Grant  N0001 4-93-1 -0686 

Pro|ect  Staff 

Christoforos  N.  Hadjicostis,  Professor  George  C. 
Verghese,  Professor  Alan  V.  Oppenheim 

The  traditional  approach  towards  fault-tolerant  com¬ 
putation  has  been  modular  redundancy.  Although 
universal  and  simple,  modular  redundancy  is  inher¬ 
ently  expensive  and  inefficient  in  its  use  of 
resources.  Recently  developed  algorithm  based 
fault  tolerance  (ABFT)  techniques  offer  more  effi¬ 
cient  fault  coverage,  but  their  design  is  specific  to 
each  application.  A  particular  class  of  ABFT  tech¬ 


niques  involves  the  design  of  arithmetic  codes  that 
protect  elementary  computations.  For  the  case  of 
computations  that  can  be  represented  as  operations 
in  a  group,  the  recent  doctoral  thesis  by  Beckmann 
has  shown  how  to  obtain  a  variety  of  useful  results 
and  systematic  constructive  procedures. 

We  are  exploring  the  extension  of  this  work  to  other 
algebraic  stnjctures.  Our  current  studies  indicate 
that  much  of  Beckmann's  framework  can  be  gener¬ 
alized  to  the  case  of  semigroups,  in  the  other  direc¬ 
tion,  we  are  examining  refinements  for  the  case  of 
computations  occurring  in  rings,  modules,  fields,  or 
vector  spaces.  Beckmann's  thesis  shows  how  to 
take  advantage  of  the  underlying  group  structure  in 
all  these  instances,  but  we  expect  that  the  addi¬ 
tional  structure  that  they  pr^sess  can  lead  to 
stronger  results  and  more  efficient  implementations 
of  fault-tolerant  schemes.  Another  objective  of  our 
research  is  to  fold  probabilistic  models  for  failures 
and  errors  in  to  the  design  wtd  analysis  of  arith¬ 
metic  codes.  This  will  allow  us  to  better  charac¬ 
terize  and  design  fault-tolerant  systems. 


1.6  Signal  Processing  Applications  of 
Chaotic  Dynamical  Systems 

Sponsors 

AT&T  Laboratories  Doctoral  Support  Program 
Advanced  Research  Projects  Agency/ 

U.S.  Navy  -  Office  of  Naval  Research 
Grant  N00014-89-J-1489 
Grant  N00014-93  1-0686 
Lockheed  Sanders,  Inc./ 

U.S.  Navy  -  Office  of  Naval  Research 
Contract  N00014-91-C-0125 
U.S.  Air  Force  -  Office  of  Scientific  Research 
Grant  AFOSR-91-0034 

Prolsct  Staff 

Steven  H.  Isabelle,  Professor  Alan  V.  Oppenheim 

Researchers  in  areas  ranging  from  animal  behavior 
and  medicine  to  economics  and  geophysics  have 
found  evidence  of  chaotic  behavior  in  an  enormous 


*  L.M.  Pecora  and  T.L.  Carroll,  'Synchronization  in  Chaotic  Systems,*  Phys.  Rev.  Lett  64(8):  621-824  (1990);  T.L  Carroll  and  L.M. 
Pecora,  'Synchronizing  Chaotic  Circuits,'  IEEE  Trane.  Circuits  Syst  38(4):  453-456  (1991). 

5  K.M.  Cuomo,  A.V.  Oppenheim,  and  S.H.  Isabelle,  Spread  Spectrum  Modulation  and  Signal  Masidng  Uskig  Syndvonized  Chaotic 
System,  RLE  TR-570  (Cambridge:  MIT  Research  Laboratory  of  Electronics,  1992);  A.V.  Oppenheim,  G.W.  Womell,  S.H.  Isabelle, 
and  K.M.  Cuomo,  'Signal  Processing  in  the  Corrtext  of  Chaotic  Signals,'  Proc.  IEEE  ICASSP,  4: 117-120  (1992). 

<  K.M.  Cuomo  and  A.V.  Oppenheim,  Synchronized  ChaoOo  Circuits  and  Sys^m  (or  Communications,  RLE  TR  No.  575  (Cambridge: 
MIT  Research  Laboratory  of  Electronics,  1992);  K.M.  Cuomo  and  A.V.  Oppenheim,  'Chaotic  Signals  and  Systems  for  Communica¬ 
tions,*  Proc.  IEEE  ICASSP  3:  137-140  (1993);  K.M.  Cuomo  and  A.V.  Op^heim,  'Circuit  Implementation  of  Synchronized  Chaos 
with  /Applications  to  Communications,*  Phys.  Rev.  Lett.  71;  65-68  (1993). 
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number  of  empirically  gathered  time  series.  Indeed, 
the  sheer  volume  of  apparently  random  phenomena 
which  appear  to  have  a  deterministic  explanation 
underscores  the  need  for  signal  processing  tech¬ 
niques  specifically  tailored  to  the  unique  character¬ 
istics  of  chaotic  signals.  In  particular,  because 
chaotic  signals  can  generally  be  observed  only  indi¬ 
rectly.  e.g.,  through  some  propagation  channel  or 
nonideal  laboratory  instrumentation,  a  signal's 
chaotic  structure  may  be  partially  obscured  by  addi¬ 
tive  noise  and  convolutional  distortion.  Conse¬ 
quently,  algorithms  for  reducing  these  distortions 
are  an  important  component  of  signal  processing 
systems  for  chaotic  signals.  This  research  explores 
effects  of  convolutional  distortion  on  chaotic  signals 
along  with  techniques  for  reducing  such  distortions. 

In  general,  the  limiting  trajectory  of  a  chaotic 
system  will  be  a  highly  structured  set  in  the  state 
space,  while  the  scalar  output  will  appear  erratic 
and  unstructured.  It  is  this  "hidden"  structure  that 
makes  the  signal  interesting  and  allows  for  a  simple 
description.  One  measure  of  structure  which  has 
been  used  to  characterize  a  chaotic  signal  is  the 
fractal  dimension  of  its  strange  attractor.  We  are 
examining  the  effect  of  convolution  on  fractal 
dimension  and  using  these  results  to  develop 
deconvolution  algorithms.  The  major  challenge  here 
is  developing  optimal  computationally  efficient  tech¬ 
niques  which  are  uniformly  applicable  to  a  broad 
class  of  chaotic  signals. 


1.7  Wavelet-Based  Representation  and 
Algorithms  for  Generalized  Fractal 
Signals 

Sponsors 

AT&T  Laboratories  Doctoral  Support  Program 
Advanced  Research  Projects  Agency/ 

U.S.  Navy  -  Office  of  Naval  Research 
Grant  N00014-89-J-1489 
Grant  N0001 4-93-1 -0686 
Lockheed  Sanders,  Inc./ 

U.S.  Navy  -  Office  of  Naval  Research 
Contract  N00014-91-C-0125 
U.S.  Air  Force  -  Office  of  Scientific  Research 
Grant  AFOSR-91-0034 


Proiect  Staff 

Warren  M.  Lam,  Professor  Gregory  W.  Womell 

While  the  1/f  family  of  fractal  processes  have 
become  Increasingly  appealing  for  modeling  statis¬ 
tically  scale-invariant  phenomena,  we  study  a  gen¬ 
eralization  of  this  signal  model  to  account  for  more 
general  scaling  behavior  found  in  a  wide  variety  of 
natural  phenomena.  While  many  phenomena 
exhibit  scaling  behavior,  a  great  number  of  them  do 
so  only  over  a  finite  range  of  scales.  For  example, 
while  sea  floor  morphology  Is  observed  to  be  self¬ 
similar  at  fine  scales,  such  scaling  behavior  is 
absent  in  long  length  scales  due  to  the  lack  of  cor¬ 
relation  among  points  far  apart.^  On  the  other  hand, 
many  phenomena  exhibit  scaling  behavior  which 
varies  over  scales.  For  instance,  such  varying 
scaling  behavior  is  encountered  in  the  study  of 
diluted  gels  and  colloidal  aggregates  in  the  field  of 
materials  science.' 

In  this  work,  we  focus  on  the  development  of  a 
class  of  generalized  fractal  processes  for  capturing 
such  nonuniform  scaling  behavior.  Exploiting  the 
rote  of  the  wavelet  transformation  as  a  whitening 
filter  for  such  processes,  we  formulate  algorithms 
for  addressing  a  number  of  practical  estimation 
problems  involving  such  signals.  Adopting  a 
maximum-likelihood  criterion  and  invoking  an 
estimate-maximize  algorithm,  we  derive  consistent, 
computationally-efficient  spe^ral  parameter  estima¬ 
tors  which  are  useful  for  the  classification  of  gener¬ 
alized  fractals.  We  also  formulate  a  Bayesian 
minimum  mean-squares  error  signal  estimation 
scheme  which  is  directly  applicable  in  a  variety  of 
signal  separation  and  signal  recovery  scenarios. 


1.8  Approximate  Signal  Processing 

Sponsor 

U.S.  Navy  -  Office  of  Naval  Research 
Grant  N0001 4-93-1 -0686 

Project  Staff 

Jeffrey  T.  Ludwig,  Dr.  S.  Hamid  Nawab 

In  any  given  problem-solving  domain,  an  algorithm, 
A,  may  be  considered  an  approximation  to  another 
algorithm,  B,  provided  A  is  more  computationally 


y  J.A.  Goff  and  T.H.  Jordan,  'Stochastic  Modeling  of  Seafloor  Morphology:  Inversion  of  Sea  Beam  Data  for  Second-Order  Statistics,' 
J.  Geophys.  Res.  93(B11):  13589-13608  (1988). 

8  Fractals  in  the  Natural  Sciences,  Eds.  M.  Fleischmann,  O.J.  Tildesiey,  and  R.C.  Ball.  (Princeton,  New  Jersey:  Princeton  University 
Press,  1989),  pp  35-53. 
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efficient  than  B  by  virtue  of  A  being  designed  to 
yield  a  lower  quality  answer  than  B.  Such  approxi¬ 
mate  algorithms  are  said  to  carry  out  approximate 
proc^ng  with  respect  to  the  probiem-soiving 
domain  under  consideration.  The  need  for  such 
algorithms  arises  in  applications  with  real-time  con¬ 
straints. 

Within  the  context  of  real-time  systems,  a  signal 
processing  u»k  may  have  to  be  performed  within  a 
time  interval  whose  duration  may  not  be  determined 
prior  to  njn  time,  in  the  case  of  a  predetermined 
time  allocation,  an  approximate  processing  algo¬ 
rithm  may  be  used  to  obtain  the  highest  quedity 
answer  possible  within  the  allotted  time,  in  cases 
where  the  time  allocation  is  not  predetermined,  it  Is 
desirable  to  use  an  approximate  processing  algo¬ 
rithm  which  produces  an  answer  of  improving 
quality  as  a  function  of  time.  This  allows  the  algo¬ 
rithm  to  be  terminated  whenever  desired,  and  the 
quality  of  the  resulting  answer  is  directly  propor¬ 
tional  to  the  actual  execution  time.  These  types  of 
approximate  processing  algorithms  are  said  to  carry 
out  irKremental  refinement  oi  their  answers. 

In  previous  research,  it  has  been  demonstrated  that 
approximate  processing  algorithms  can  be  effective 
in  the  real-time  analysis  of  music,  speech,  and  syn¬ 
thetic  signals.  For  example,  approximations  to  the 
short-time  Fourier  transform  (STFT)  have  been 
shown  to  retain  prominent  time-frequency  charac¬ 
teristics  of  such  signals  while  improving  computa¬ 
tional  efficiency  by  an  order  of  magnitude  over 
FFT-based  calculations  of  The  exact  STFT. 

Our  aim  is  to  develop  a  formal  structure  for  using 
approximate  processing  concepts  in  designing 
novel  signal  processing  algorithms  in  areas  such  as 
time-frequency  analysis,  cepstral  analysis,  multi¬ 
pass  analysis,  adaptive  filtering,  and  adaptive  beam 
forming. 


1.9  Code  Division  Muitipie  Access  for 
Digitai  Storage 

Sponsor 

U.S.  Air  Force  -  Office  of  Scientific  Research 
Grant  AFOSR-91-0034 

Project  Staff 

James  M.  Ooi,  Professor  Gregory  W.  Womeli 

Code  division  muitipie  access  (CDMA)  is  an  area  of 
communications  research  in  which  multiple  users 
superimpose  their  transmissions  on  top  of  one 
another  throughout  an  entire  symbol  period  and 
throughout  a  iarger  frequency  bandwidth  than 


required.  Although  the  technique  was  once  primarily 
associated  with  military  spread  spectrum  systems, 
designers  today  are  finding  that  CDMA  has  proper¬ 
ties  which  are  desirable  outside  of  militaty  use. 
These  properties  include  automatic  interference 
reduction  when  other  users  are  not  transmitting, 
ease  of  adding  new  users,  graceful  degradation  as 
channel  capacity  is  exceectod,  and  robustness 
against  intentional  jamming  and  multipath  interfer¬ 
ence. 

The  goal  of  this  research  is  to  extend  the  CDMA 
concept  to  computer  storage  devices  in  order  to 
reap  some  of  the  above  advantages.  The  analo¬ 
gous  behavior  on  which  the  work  will  focus  is 
gracefui  degradation  as  capadty  is  exceeded,  toler¬ 
ance  to  faulty  memory,  ease  of  adding  new  users, 
and  an  automatic  improvement  in  fidelity  as  the 
storage  requirements  decrease.  It  is  also  hoped 
that  this  may  also  lead  to  a  more  general  theory  of 
distributed  coding  for  the  storage  channel. 


1.10  Estimation  and  Detaction  of  a 
Ciass  of  Chaotic  Signais 

Sponsora 

Advanced  Research  Projects  Agency/ 

U.S.  Navy  -  Office  of  Naval  Research 
Grant  N00014-89-J-1489 
Grant  N0001 4-93-1 -0686 
U.S.  Air  Force  -  Office  of  Scientific  Research 
Grant  AFOSR-91-0034 

Project  Staff 

Haralabos  C.  Papadopoulos,  Professor  Gregory  W. 
Women 

Chaos  arises  in  a  broad  range  of  physical  and  man¬ 
made  systems.  Naturally,  there  is  a  need  for  effi¬ 
cient  and  robust  algorithms  for  estimation  and 
detection  of  chaotic  signals  in  the  presence  of 
noise.  We  have  obtained  maximum  likelihood  algo¬ 
rithms  for  signal  filtering,  smoothing,  and  prediction 
for  a  class  of  chaotic  signals,  which  although  non¬ 
linear,  possess  very  convenient  recursive  imple¬ 
mentations  that  are  efficient  both  in  terms  of 
computation  and  storage.  Generalized  estimation 
algorithms  are  suggest^  for  a  much  broader  class 
of  chaotic  signais. 

The  pseudorandom,  broadband  characteristics,  and 
ease  of  generation  of  chaotic  signals  make  them 
appealing  candidates  for  signaling  waveforms  in 
secure  and  low  probability  of  intercept  communica¬ 
tion  systems.  We  explore  the  viability  of  spread 
spectrum  communication  schemes  using  chaotic 
signals  and  consider  generalized  antipodal  coding 
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schemes  which  possess  attractive  properties  for 
secure  communications.  Optimai  discrimination 
strategies  for  a  class  of  these  chaotic  signaling 
schemes  and  robust,  computationaiiy  efficient 
demodulators  have  been  obtained.  Monte  Carlo 
simulations  reveal  that  chaotic  signaling  is  poten- 
tialty  useful  for  the  particular  communication  appli¬ 
cations  mentioned  above. 


1.11  Real-Time  Active  Noise 
Cancellation 

Sponsor 

National  Science  Foundation  Fellowship 

Profect  Staff 

Brian  M.  Perreault,  Professor  Alan  V.  Oppenheim 

In  many  industrial  and  consumer  settings,  undesir¬ 
able  acoustic  noise  often  exists.  In  many  cases, 
the  noise  is  so  obtrusive  that  an  effort  to  reduce  its 
effect  is  warranted.  When  the  noise  cannot  be 
reduced  using  physical,  passive  methods,  active 
noise  cancellation  (ANC)  techniques  are  a  suitable 
alternative.  Many  types  of  noise  have  certain  pre¬ 
dictable  characteristics;  active  noise  cancellation 
exploits  these  characteristics,  using  destructive 
interference  from  a  secondary  acoustic  source  to 
eradicate  the  noise. 

One  algorithm  for  active  noise  cancellation  results 
from  approaching  the  problem  from  a  control  per¬ 
spective.  If  the  noise  is  measured  at  a  single 
sensor,  the  essence  of  the  technique  is  to  use  a 
control  algorithm  to  give  feedback  through  an 
actuator,  constraining  the  measurement  at  the 
sensor  to  zero. 

In  many  applications,  such  as  airplane  cockpits, 
high  levels  of  narrowband  noise  are  present.  This 
type  of  algorithm  may  be  useful  for  the  cancellation 
of  these  narrow  bands  of  noise.  This  algorithm  is 
being  investigated  to  determine  its  effectiveness  in 
such  an  environment.  A  set  of  headphones,  utilizing 
a  microphone  and  speaker  in  each  ear  cup,  is 
being  developed  to  cancel  the  cockpit  noise.  Such 
a  set  of  headphones  is  very  desirable  for  a  pilot, 
especially  considering  that  passive  attenuation  of 
the  headphones  is  not  enough  to  fully  compensate 
for  the  noise. 


Oigitai  predictive  techniques  are  being  used  in  con¬ 
junction  with  analog  to  digital  (A/D)  and  digital  to 
analog  (D/A)  converters  in  order  to  implement  the 
active  noise  cancellation  techniques.  A  digital  signal 
processor  is  employed  to  execute  the  algorithms, 
due  to  its  high  computational  ability.  A  flexible  set 
of  hardware  has  been  developed  in  order  to  eval¬ 
uate  different  ANC  algorithms  in  real  time. 


1.12  State  and  Parametar  Estimation 
with  Chaotic  Systems 

Sponsors 

Advanced  Research  Projects  Agency/ 

U.S.  Navy  -  Office  of  Naval  Research 
Grant  N00014-89-J-1489 
U.S.  Air  Force  -  Office  of  Scientific  Research 
Grant  AFOSR-91-0034 

Project  Staff 

Michael  D.  Richard,  Professor  Alan  V.  Oppenheim 

Chaotic  systems  are  nonlinear  dynamical  systems 
characterized  by  extreme  sensitivity  to  initial  condi¬ 
tions.  A  signal  generated  by  a  chaotic  system  may 
appear  random,  despite  its  having  been  generated 
by  a  low-order,  deterministic  dynamical  system. 
Both  random  and  chaotic  signals  lack  long-term 
predictability;  but,  in  contrast  to  truly  random 
signals,  chaotic  signals  exhibit  short-term  predict¬ 
ability.  Evidence  of  chaotic  behavior  has  been 
reported  in  many  diverse  disciplines  including 
physics,  biology,  engineering,  and  economics. 

We  are  exploring  techniques  for  state  and  param¬ 
eter  estimation  with  chaotic  systems.  We  have 
implemented  the  extended  Kalman  filter,^  a  recur¬ 
sive  state  estimator  for  nonlinear  systems,  and 
several  related  algorithms'”  and  have  evaluated 
their  effectiveness  as  state  estimators  for  chaotic 
systems.  Preliminary  results  have  shown  these 
algorithms  to  perform  reasonably  well.  But  results 
have  also  shown  that  these  algorithms  have  poten¬ 
tially  unacceptable  deficiencies  when  applied  to 
chaotic  systems. 

More  recently,  we  have  developed  and  begun 
testing  several  related,  novel,  state-estimation  tech¬ 
niques  loosely  motivated  by  maximum  likelihood 


•  A.  Jazwinski,  Stochastic  Procassos  and  Filtering  Theory  (New  York:  Academic  Press,  1970);  M.O.  Richard,  State  Estimarion  with 
Discrete-Time  Chaotic  Systems  using  the  Extended  Kalman  Filter.  RLE  TR-571  (Cambridge:  MIT  Research  Laboratory  of  Electronics, 
1992). 

10  A.  Willsicy,  'Course  Notes  for  6.433  Recursive  Estimation,’  unptMIshed,  1989. 
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state  estimation.*'  The  techniques  exploit  a  distin¬ 
guishing  property  of  aH  chaotic  systems— the  sirmil- 
taneous  existence  of  stable  and  unstable 
manifolds.*^  The  combination  of  these  techrtiques 
with  an  estimate-maximize  (EM)  algorithm  is  ^o 
being  considered.  Finaily,  we  plan  to  ascertain  the 
vaiue  of  various  state-estimation  techniques  in 
improving  the  short-term  predictability  of  chaotic 
signals. 


1.13  Model-Based  Analysis  of  Music 

Sponaora 

Advanced  Research  Projects  Agency/ 

U.S.  Navy  -  Office  of  Navai  Research 
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National  Sdence  Foundation  Fellowship 

Pro|ect  Staff 

Stephen  F.  Scherock,  Dr.  Bernard  Gold 

Many  digital  audio  ^nals  can  be  broadly  classified 
as  speech  or  music.  Speech  signals  have  been 
studied  extensively  since  the  1950s  for  the  purpose 
of  automatic  speech  recognition,  production,  and 
data  compression.  Work  has  a^anced  toward 
each  of  these  goals  in  part  because  of  the  develop¬ 
ment  of  models  for  speech  production  and  recogni¬ 
tion.  While  physically  based  models  exist  for  music 
production,  a^ying  these  models  for  synthetic 
music  production  or  data  compression  has  not  been 
fully  exploited.  Our  research  involves  model  based 
compression  of  music  from  a  single  instrument,  the 
trumpet. 


1.14  Nonlinear  Models  for  Signal 
Processing 

Sponsors 

Advanced  Research  Projects  Agency/ 
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This  resssrch  involves  the  use  of  rtonlinear  system 
models  in  signal  processing.  Predominantly,  linear 
models  and  algorithms  have  been  employed  in  this 
field  due  to  tire  tractabiiity  of  their  analysis  and  the 
richness  of  the  dass  of  si(piais  for  which  these 
models  are  well-suited.  However,  by  trading  com¬ 
plexity  for  tractabiiity,  we  can  further  broaden  the 
boundaries  of  signal  processing.  For  example,  we 
have  recently  shown  that  nonlirtear  signal  modeling 
techniques  are  both  useful  and  practical  for  mod¬ 
eling  a  variety  of  signals  for  which  linear  techniques 
have  proven  inadequate.  Further,  we  have  b^n 
to  find  practical  ap^ications  for  nonlinear  dynamic 
systems  in  chaos,  which  until  recently  were  thought 
of  as  more  paradoxical  than  practical.  Another 
interesting  phenomenon  whose  curious  behavior 
has  crossed  many  disciplines  of  science,  is  the 
theory  of  solitons.  It  is  our  goal  to  exj^it  the 
behavior  of  these  solitary  waves  and  other  non¬ 
linear  phenomena  in  sear^  of  new  paradigms  and 
new  directions  in  signal  processing. 


1.15  Environmental  Robustness  In 
Automatic  Speech  RecognKion 

Spoitsor 

Maryland  Procurement  Office 
Contract  MOA904-93-C-4180 

Project  Staff 

Shawn  M.  Verbout,  Professor  A.V.  Oppenheim 

As  the  technology  in  automatic  speech  recognition 
(ASR)  becomes  increasingly  a^anced,  greater 
consideration  is  given  to  spe^  as  a  viable  means 
of  interaction  tetween  humans  and  machines. 
However,  as  more  ASR  systems  become  incorpo¬ 
rated  into  real-worid  applications,  greater  attention 
must  be  devoted  to  making  these  systems  robust 
with  respect  to  changes  in  their  operating  environ¬ 
ments.  The  need  for  environmental  robustness  is 
clear  when  we  consider  the  difficulties  presently 
encountered  in  attempting  to  make  ASR  systems 
yield  consistently  high  performance  in  practical  set¬ 
tings.  In  particular,  even  the  most  sophisticated 
ASR  systems  today  are  extremely  sensitive  to  vari¬ 
ations  in  recording  conditions  and  must  be  carefully 
retrained  for  each  new  environment  in  which  they 
are  deployed. 


''  M.D.  Richard,  State  Estimation  wHh  Discnts-TIme  ChatOc  Systsms  using  tts  Extsndsd  Kalman  FUer,  RLE  TR-571.  (Cambridge: 
MIT  Research  Laboratory  of  Electronics,  1992). 

*2  J.  Eckmann  and  D.  Ruelle,  'Ergodic  Theory  of  Chaos  and  Strange  Attractors,'  Rav.  Mod.  Phys.  57(3)  Part  1: 617-e56  (1985). 
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in  the  context  of  ASR.  environmental  variability  is  a 
broad  notion  encompassing  the  various  changes 
that  can  occur  in  any  tador  affecting  acoustic  mea¬ 
surements.  For  example,  environmental  changes 
can  be  due  to  physic^ical  differences  between  dif¬ 
ferent  speaKers:  variations  in  loudness  for  a  single 
speaker;  differences  in  the  physical  relationship 
between  the  speaker  and  the  microphone;  changes 
in  the  ambient  noise  level;  or  differences  in 
recording  equipment  and  room  acoustics,  in  addi¬ 
tion  to  these  factors,  which  may  be  tenned  “phys¬ 
ical,"  there  are  other  environmeirtal  factors  that  may 
be  viewed  as  “situational."  For  example,  consider 
the  operation  of  an  ASR  system  in  the  relatively 
benign  setting  of  a  typical  txteiness  office,  in  this 
environment,  a  spe<^  signal  can  be  corrupted 
during  a  recording  session  by  unanticipated 
acoustic  events  such  as  sudden  activation  of  a 
manifold  system,  intermittent  keyboard  clicking, 
background  conversations,  slammirig  doors  and  file 
cabinet  drawers,  and  reverberation  due  to  acoustic 
reflections  from  walls,  floors,  and  various  objects  in 
the  room. 

The  long-term  objective  of  our  research  in  this  area 
is  to  determine  the  signal  processing  technology 
required  to  make  the  performance  of  an  ASR 
system  relatively  insensitive  to  these  kinds  of 
changes  in  the  recording  environment,  while 
keeping  the  performance  at  a  consistently  high 
level.  One  viable  method  for  making  an  ASR 
system  more  robust  is  to  replace  the  single  sensor 
in  a  typical  recording  environment  with  multiple 
sensors  located  in  various  parts  of  the  room.  This 
multisensor  approach  affords  some  redundancy  in 
the  measurement  of  the  primary  speech  signal,  and 
simultaneously  provides  a  diverse  set  of  reference 
measurements  for  noise  events  throughout  the 
room.  The  resulting  multiple  signal  measurements 
may  then  be  processed  to  extract  the  primary 
speech  signal  from  the  interfering  noise  sources.'^ 
Important  intermediate  goals  in  our  investigation  of 
the  multisensor  robustness  approach  will  include 
quantifying  the  performance  of  an  existing  ASR 
system  with  arid  without  preprocessing  of  the 


sensor  measurements  using  algorithms  such  as 
those  developed  in  an  RLE  technical  report.’* 


1.16  Activ*  Nolat  Cancellation 
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Unwanted  acoustic  noise  is  a  by-product  of  many 
irKkJstrial  processes  and  systems.  With  active  noise 
cancellation  (ANC),  one  introduces  secondary  noise 
sources  to  generate  an  acoustic  field  that  interferes 
destructively  with  the  unwanted  noise,  and  thereby 
eliminating  it.  Examples  of  such  unwanted  noise 
Include  machinery  noise,  aircraft  cabin  noise,  and 
fan  noise. 

Traditional  active  noise  cancellation  systems 
assume  that  the  statisticai  characteristic  of  the 
primary  noise  is  known  a  priori.  Furthermore, 
almost  all  of  the  existing  systems  use  two  micro¬ 
phones.  and  as  result  suffer  from  acoustic  feedbad( 
between  the  canceling  speaker  and  the  input  micro¬ 
phone.’* 

We  have  developed  an  adaptive  active  noise  can¬ 
cellation  system  which  only  uses  one  microphone, 
and  therefore  has  no  feedback  problem.  This 
system  uses  the  estimate  maximize  (EM)  algorithm 
to  simultaneously  estimate  noise  statistics  and  the 
transfer  kinction  between  the  canceling  speaker 
and  the  microphone.  An  optimal  canceling  signal  is 
then  generated  based  on  these  estimates.’* 

We  have  also  developed  a  two-microphone  version 
of  the  above  system  which  does  rx>t  suffer  from  the 


13  K.M.  Cuomo,  A.V.  Oppenheim,  and  S.H.  Isabelle,  Sprsad  Spactrum  Modulation  and  Signal  Masking  Using  Synchronizad  Chaotic 
Systams,  RLE  TR-570  (Cambridge:  MIT  Research  Laboratory  of  Electronics,  1982);  E.  Weinstein,  M.  Feder,  and  A.V.  Oppenheim, 
MuHi-Channal  Signal  Saparatlon  Basad  on  Daoonalallon,  RLE  TR-573  (Cambridge;  MIT  Research  Laboratory  of  Electronics,  1992). 

14  E.  Weinstein,  A.  Oppenheim,  and  M.  Feder,  Signal  Enhancvnant  Using  SIngla  and  Muld-Sansor  Maasuramants,  RLE  TR-560 
(Cacribridge;  MIT  Research  Laboratory  of  Electronics,  1990). 

13  L.J.  Eriksson,  M.C.  Allie,  and  C.O.  Bremigan,  'Active  Noise  Controi  Using  Adaptive  Digital  Signal  Processing,'  Proc.  ICASSP  4: 
2594-2597  (1988). 

13  K.M.  Cuomo,  A.V.  Oppenheim,  and  S.H.  Isabelle,  Spraad  Spactrum  Modulation  and  Signal  Masking  Using  SynOwonlzad  Chaotic 
Systams,  RLE  TR-S70  (Cambridge:  MIT  Research  Laboratory  of  Electronics,  1992);  K.  Zangl  and  AV.  Oppenheim,  'A  New  Two 
Sensor  Active  Noise  CanceHaUon  Algorithm,'  Pmc.  ICASSP  2: 351 (1993). 
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/leedbock  problem  and  is  more  intelligent  in  using 
the  outputs  of  the  microphone. 

We  are  currently  studying  the  problem  of  noise  can¬ 
cellation  in  a  volume.  A  topic  of  fundamental 
interest  is  to  find  analytically  simple  ways  to 
describe  the  sound  field  over  a  volume  from  mea¬ 
surements  made  at  a  finite  set  of  points  in  that 
volume.  Similarly,  we  would  like  to  find  ways  to 
alter  the  sound  field  in  a  desired  manner  using  only 
a  finite  number  of  sources. 


1.17  Oceanographic  Signal  Processing 

Sponsor 

U.S.  Navy  -  Office  of  Navai  Research 
Grant  N0001 4-91 -J- 1628 

Project  Staff 

Professor  Arthur  B.  Baggeroer 

Our  research  programs  involve  the  application  of 
signal  and  array  processing  to  problems  in  ocean 
acoustics  and  geophysics.  Our  research  requires 
an  understanding  of  digital  signal  processing  and 
wave  propagation;  moreover,  most  research 
projects  use  data  from  laboratory  or  field  exper¬ 
iments,  so  an  appreciation  of  real  world  issues  such 
as  noise,  sensor  calibrations  and  modeling  errors  is 
needed.  Several  of  the  topics  provide  opportunities 
to  participate  in  oceanographic  cruises. 


1.17.1  Acoustic  Thermometry  Of  Ocean 
Climate 

The  Heard  Island  Feasibility  Test  demonstrated  that 
coded  acoustic  signal  can  be  transmitted  over 
10,000  km  ranges.  This  has  led  to  the  Acoustic 
Thermometry  of  Ocean  Climate  (ATOC)  program  by 
the  Advanced  Research  Projects  Agency  (ARPA). 
A  network  of  acoustic  sources  arid  receivers  is 
being  deployed  in  the  Pacific  Ocean  this  spring  to 
monitor  it  by  measuring  changes  in  acoustic  travel 
times.  These  changes  will  be  used  to  infer  temper¬ 
ature  changes. 


1.17.2  DIractional  Spectrum  Estimation:  a 
Maximum  Likelihood  Method 

Project  Staff 

John  P.  Mann,  Professor  Arthur  B.  Baggeroer 

Antenna  arrays  can  be  used  to  estimate  the  direc¬ 
tion  of  arrival  of  signals  incident  upon  the  array. 
Capon's  minimum  variance  method  is  commonly 
used  to  estimate  the  frequency  spectrum  arriving 
from  a  desired  direction.  However,  this  method  has 
some  limitations.  A  finite  set  of  samples  from  the 
array  is  used  to  form  a  sample  covariance,  which 
must  then  be  inverted  to  calculate  the  minimum  var¬ 
iance  estimate  of  the  spectnim.  In  order  for  the 
sample  covariance  to  provide  reasons^ble  results,  it 
has  been  shown  that  the  number  of  samples  neces¬ 
sary  is  approximately  twice  the  number  of  sensors 
in  ^e  array.^^  In  cases  where  the  signal  environ¬ 
ment  changes  fast  enough,  this  requirement 
becomes  a  problem.  Estimates  need  to  be  updated 
faster  than  is  possible  given  this  constraint. 

In  this  research,  we  will  investigate  methods  of 
directional  spectrum  estimation  when  the  number  of 
samples  available  is  limited.  In  addition  to  some 
commonly  used  algorithms,  a  maximum  likelihood 
method  for  estimating  frequency  wavenumber 
spectra  has  been  derived'*  and  will  be  evaluated 
and  refined.  The  performance  of  the  various 
methods  will  be  compeured  through  simulations  on  a 
series  of  different  array  geometries  and  signal  envi¬ 
ronments.  The  effect  of  errors  in  the  gain  and  posi¬ 
tion  of  sensor  elements  will  also  be  investigated. 


1.17.3  Implementation  of  Single  Mode 
Excitation  In  the  Shallow  Water  Acouatic 
Channel 

Project  Staff 

Denis  J.  Peregrym,  Professor  Arthur  Baggeroer 

Acoustic  signals  can  be  described  as  a  sum  of 
normal  modes  or  eigenfunctions  of  a  waveguide. 
Under  certain  conditions  in  shallow  water,  a  small 
set  of  discrete  modes  carries  almost  ail  of  the 
acoustic  energy.  Our  goal  is  to  design  a  source 
which  excites  only  a  single  mode  in  the  waveguide 
at  a  reference  receiver  some  distance  down  the 
guide  from  the  source.  The  signal  at  this  receiver 


i.s.  RMd,  J.D.  MaIMt,  and  L.E.  Brennan,  'Rapid  Convergence  Rate  in  Adaptive  Arrays,'  IEEE  Trms.  Aerosp.  BtOmn.  Syst 
AES-10: 853-863  (1974). 

A.B.  Baggeroer,  'A  True  Maximum  UKalihood  Method  for  Estimating  Frequency  Wavenumber  Spectra,'  Proa  Inst  Acoust  13(2): 
217-224  (1891). 
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is  used  to  ads4>tively  update  the  source  we^hts  and 
converge  to  a  single  mode.  CXir  current  research 
involves  investigating  the  field  shape  in  the  wave¬ 
guide  and  finding  an  optimum  position  for  the  refer¬ 
ence  array  in  the  near  field/far  field  boundary.  In 
addition,  we  are  investigating  how  the  mode  shapes 
or  weights  at  the  source  array  required  to  generate 
a  single  mode  can  be  used  to  characterize  the 
channel. 


1.17.4  Estimation  of  Normai  Mode 
Ampiitudes  for  Underwater  Acoustics 

Project  Staff 

Kathleen  E.  Wage,  Professor  Arthur  B.  Baggeroer 

In  underwater  acoustics,  signals  are  often  efficiently 
represented  as  weighted  sums  of  the  normal  modes 
or  eigenfunctions  associated  with  the  waveguide. 
The  weights  are  usually  estimated  from  data 
obtained  with  a  vertical  array  of  hydrophones.  The 
purpose  of  this  research  is  to  investigate  methods 
for  estimating  the  modal  amplitudes  (i.e.,  weights). 
In  addition  to  studying  modal  amplitude  estimation 
techniques  previously  developed,  this  work  also 
applies  several  bearing  estimation  algorithms  to  the 
modal  amplitude  problem.  A  least  squares  formu¬ 
lation  is  the  most  common  in  the  literature,  and 
several  variations  of  this  generalized  approach  are 
under  consideration.  The  three  bearing  estimation 
algorithms  which  will  be  implemented  were  devel- 
o(^  in  the  context  of  direction-of-arrival  location  for 
diversely-polarized  antennas.'*  Our  research  con¬ 
siders  the  effects  of  noise,  modeling  assumptions, 
mode  coherence,  and  multiple  modal  sources  on 
the  behavior  of  each  estimator. 

The  motivation  for  this  work  is  twofold.  First,  modal 
decomposition  is  a  natural  way  to  approach  solu¬ 
tions  to  the  acoustic  wave  equation,  and  a  know¬ 
ledge  of  the  modal  structure  is  often  helpful  in 
exploring  the  effects  of  a  particular  channel  on  a 
transmitted  signal.  Specifically,  mode  attenuation  is 
important  in  many  acoustic  and  oceanographic  pro¬ 


cesses,  e.g..  Kuperman  and  Ingenito  have  explored 
the  attenuation  of  modes  due  to  scattering  at  rough 
boundaries.**  A  second  motivating  factor  is  that  the 
modal  amplitudes  are  useful  in  matched  mode  pro¬ 
cessing  and  in  matched  field  tomography.  Recent 
papers  indicate  that  source  range  and  depth  infor¬ 
mation  may  be  obtained  by  performing  matched 
field  beamforming  using  the  modal  coefficients.*' 
Shang  has  also  used  adiabatic  normal  mode  theory 
to  develop  a  method  for  acoustic  tomography.** 
Obviously,  the  ability  to  estimate  the  mode  coeffi¬ 
cients  accurately  and  efficiently  is  essential  to  the 
success  of  these  types  of  algorithms. 
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2.1  Introduction 

The  present  television  system  was  designed  nearly 
40  years  ago.  Since  then,  there  have  been  signif¬ 
icant  developments  in  technology,  which  are  highly 
relevant  to  the  television  industries.  For  example, 
advances  in  the  very  large  scale  integration  (VLSI) 
technology  and  signal  processing  theories  make  it 
feasible  to  incorporate  frame-store  memory  and 
sophisticated  signal  processing  capabilities  in  a 
television  receiver  at  a  reasonable  cost.  To  exploit 
this  new  technology  in  developing  future  television 
systems,  Japan  and  Europe  established  large  labo¬ 
ratories,  funded  by  government  or  industry-wide 
consortia.  The  lack  of  this  type  of  organization  in 
the  U.S.  was  considered  detrimental  to  the  broad¬ 
casting  and  equipment  manufacturing  industries, 
and  in  1983  the  Advanced  Television  Research 
Program  (ATRP)  was  established  at  MIT  by  a  con¬ 
sortium  of  U.S.  Companies. 

The  major  objectives  of  the  ATRP  are: 

•  To  develop  the  theoretical  and  empirical  basis 
for  the  improvement  of  existing  television 
systems,  as  well  as  the  design  of  future  tele¬ 
vision  systems. 

•  To  educate  students  through  television-related 
research  and  development  and  to  motivate 
them  to  undertake  careers  in  television-related 
industries. 

•  To  facilitate  continuing  education  of  scientists 
and  engineers  already  working  in  the  industry. 

•  To  establish  a  resource  center  to  which  prob¬ 
lems  and  proposals  can  be  brought  for  dis¬ 
cussion  and  detailed  study. 


•  To  transfer  the  technology  developed  from  this 
program  to  the  industries. 

The  research  areas  of  the  program  include  the 
design  of  receiver-compatible  ATV  system  and 
digital  ATV  system  and  development  of  transcoding 
methods.  Significant  advances  have  already  been 
made  in  some  of  these  research  areas.  A  digital 
ATV  system  has  been  designed  and  tested  in  the 
fall  of  1992  by  the  FCC  for  its  possible  adoption  as 
the  U.S.  HDTV  standard  for  terrestrial  broadcasting. 
Some  elements  of  this  system  are  likely  to  Im 
included  in  the  U.S.  HDTV  standard. 

In  addition  to  research  on  advanced  television 
systems,  the  research  program  also  includes 
research  on  speech  processing.  Current  research 
topics  include  development  of  a  new  speech  model 
and  development  of  algorithms  to  enhance  speech 
degraded  by  background  noise. 


2.2  ATRP  Facilities 

The  ATRP  facilities  are  currently  based  on  a 
network  of  eight  Sun-4  and  three  DecStation  5000 
workstations.  There  is  approximately  14.0  GB  of 
disk  space  distributed  among  the  various  machines. 
Attached  to  one  of  the  Sun-4s  is  a  VTE  display 
system  with  256  MB  of  RAM.  This  display  system  is 
ceq;)able  of  driving  the  Sun-4  monitors  or  a  29-inch 
Conrac  monitor  in  the  lab  at  rates  up  to  60 
frames/sec.  In  addition  to  displaying  high-resolution 
real-time  sequences,  the  ATRP  facilities  include  a 
Metheus  frame  buffer  which  drives  a  Sony  2kx2k 
monitor.  For  hard  cooy  output,  the  lab  uses  a 
Kodak  XL7700  thermal  imaging  printer  which  can 
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produce  2kx2k  color  or  black  artd  white  images  on 
1 1  "xl  1 "  photographic  paper. 

Other  peripherals  include  an  Exabyte  8  mm  tape 
drive,  a  16-bit  digital  audio  interface  with  two  chan¬ 
nels  and  sampling  rates  up  to  48  kHz  per  channel, 
and  an  "audio  workstation”  with  power  amplifier, 
speakers,  CD  player,  tape  deck,  etc.  Additionally, 
the  lab  has  a  650  MB  optical  disk  drive,  a  CD-ROM 
drive,  and  two  laser  printers.  For  preparing  presen¬ 
tations,  the  ATRP  facilities  also  include  a  Macintosh 
SE30  microcomputer,  a  Mac  I  lx,  and  an  Apple 
LaserWriter. 

Obtaining  a  fast  network  (FDDI)  is  under  consider¬ 
ation  to  augment  the  current  10  Mbps  Ethernet. 
The  new  network  would  enable  much  faster  data 
transfer  to  display  devices,  and  it  would  support 
large  NFS  transfers  more  easily. 


2.3  Very-iow-bit-rate  Video 
Representations 

Sponsor 

Advanced  Telecommunications  Research 
Program 

Project  Staff 

John  G.  Apostolopoulos 

Video  plays  an  important  role  in  many  of  today's 
applications,  and  it  is  expected  to  gain  even  greater 
importance  in  the  near  future  with  the  advent  of 
multimedia  and  personal  communication  devices. 
The  large  raw  data  rate  of  a  video  signal,  together 
with  the  limited  available  transmission  capacity  in 
many  applications,  necessitates  compression  of  the 
video  signal.  A  number  of  video  compression  algo¬ 
rithms  have  been  developed  for  different  applica¬ 
tions  from  video-phone  to  high-definition  television. 
These  algorithms  perform  reasonably  well  at 
respective  bit  rates  of  64  kb/s  to  tens  of  Mb/s. 
However,  many  applications  in  the  near  future,  par¬ 
ticularly  those  associated  with  portable  or  wireless 
devices,  will  most  likely  be  required  to  operate  at 
considerably  lower  bit  rates,  possibly  as  low  as  10 
kb/s.  The  video  compression  methodologies  devel¬ 
oped  thus  far  are  not  applicable  at  such  low  bit 
rates.  The  goal  of  this  research  is  to  create  a  video 
compression  approach  which  can  produce  accept¬ 
able  video  quality  at  approximately  10  kb/s. 

Conventional  video  compression  algorithms  may  be 
described  as  block-bas^  coding  schemes.  They 
partition  each  frame  into  square  blocks  and  then 
independently  process  each  block.  Examples  of 


these  redundancy-reduction  techniques  include 
block-based  temporal  motion-compensated  predic¬ 
tion  and  spatial  block  discrete-cosine  transform. 
Block-based  processing  Is  the  basis  for  virtually  all 
video  compression  systems  today  because  it  is  a 
simple  and  practical  approach  to  achieve  accept¬ 
able  video  quality  at  the  required  bit  rates. 
However,  block-based  coding  schemes  cannot 
effectively  represent  a  video  signal  at  very  low  bit 
rates.  This  is  because  the  source  model  used  is 
extremely  limited.  Block-based  schemes  inherently 
assume  a  source  model  of  (translational)  moving 
square  blocks.  However,  a  typical  video  scene  is 
not  composed  of  translated  ^uare  blocks.  In 
effect,  block-based  schemes  impose  an  artificial 
structure  on  the  video  signal  and  then  try  to  encode 
this  structure,  instead  of  recognizing  the  structure 
inherent  to  a  particular  video  scene  and  attempting 
to  exploit  it. 

In  this  research  a  conceptual  framework  is  devel¬ 
oped  for  identifying  the  structure  that  exists  within  a 
video  scene.  This  is  one  of  the  most  important  per¬ 
ceptual  aspects  of  the  information  within  the  scene. 
Therefore,  by  identifying  and  efficiently  representing 
this  structure,  it  may  be  possible  to  produce  accept¬ 
able  video  quality  at  veiy  low  bit  rates.  Since  real 
scenes  contain  objects,  a  promising  source  model 
includes  two-  or  three-dimensional  moving  objects. 
A  sizable  amount  of  current  research  involves 
image  segmentation,  however,  most  of  this 
research  has  focused  primarily  on  image  analysis 
and  extremely  little  on  the  possibility  of  com¬ 
pression.  Very  importantly,  significant  statistical 
dependencies  exist  in  the  image  regtons  belonging 
to  each  object,  and  this  must  be  exploited.  This 
point  has  not  been  addressed;  only  the  previously 
mentioned  block-based  schemes  have  been  dis¬ 
cussed  in  the  literature. 

An  efficient  compression  algorithm  must  therefore 
consist  of  a  powerful  and  compact  framework  for 
accurately  representing  possible  objects  or  structure 
in  a  video  signal,  as  well  as  an  efficient  approach  to 
represent  the  information  that  exists  within  each 
object. 

The  goal  of  this  research  is  to  create  a  video  com¬ 
pression  approach  which  can  produce  acceptable 
video  quality  at  approximately  10  kb/s.  This  will 
allow  video  applications  in  the  near  future,  partic¬ 
ularly  those  associated  with  portable  or  wireless 
devices,  to  operate  at  performance  levels  not 
achievable  by  current  video  compression  schemes. 
In  order  to  attain  this  goal,  we  are  developing  a 
conceptual  and  mathematical  framework  for  identi¬ 
fying  and  exploiting  the  structure  that  exists  within  a 
video  signal. 
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2.3.1  Publications 

Apostolopouios,  J.G.,  and  J.S.  Lim.  'Video  Com¬ 
pression  for  Digital  Advanced  Television 
Systems."  In  t^tlon  Analysis  and  Image 
S^aquence  Processing.  Chapter  15.  Eds.  M. 
Sezan,  and  R.  Lagendijk.  Dordrecht,  the 
Netherlands:  Kluwer  Academic  Publishers,  1993. 

Apostolopouios,  J.G.,  P.A.  Monta,  J.J.  Nicolas,  and 
J.S.  Lim.  "Designing  a  Video  Compression 
System  for  High  Definition  Television."  Invited 
paper  for  special  video  session  within  ICASSP, 
1993. 


2.4  Audio  Compression  Using 
Hierarchical  Nonuniform  Fllterbanks 

Sponsor 

Advanced  Telecommunications  Research 
Program 

Project  Staff 

Shiufun  Cheung,  Peter  A.  Monta 

Interest  in  coding  high-fidelity  audio  has  increased 
in  recent  years;  audio  source  coding  algorithms  are 
finding  use  in  transmission  applications  such  as 
digital  audio  broadcast  (DAB)  and  high-definitlon 
television  (HDTV)  and  in  commercial  products  such 
as  MiniDisc  and  Digital  Compact  Cassette.  The 
common  objective  is  to  achieve  high  quality  at  a 
rate  significantly  smaller  than  the  16  bits/sample 
used  in  CD  and  DAT  systems.  We  have  been  con¬ 
sidering  applications  to  HDTV,  and  an  earlier  imple¬ 
mentation,  the  MIT  Audio  Coder  (MIT-AC)  has 
successfully  completed  testing  at  the  Advanced 
Television  Test  Center.  In  this  research,  we  study 
an  improved  signal  representation  scheme  which 
uses  a  hierarchical  nonuniform  fitterbank. 

In  many  waveform  coders,  the  first  step  in  the  audio 
coding  process  is  a  short-time  spectral  decomposi¬ 
tion  of  the  signal.  Until  recently,  the  represen¬ 
tations  used  by  many  audio  coders  have  uniform 
filterbank  bandwidths.  This  results  in  an  undesir¬ 
able  tradeoff  between  time  and  frequency  resolu¬ 
tion.  For  example,  if  the  analysis  bandwi^h  is 
chosen  to  be  narrow  enough  to  resolve  the  critical 
bands  in  the  low  frequencies,  the  resulting  poor 


temporal  resolution  can  result  in  temporal  artifacts, 
such  as  the  "pre-echo"  effect. 

There  have  been  various  efforts  to  correct  this  defi¬ 
ciency.  For  example,  some  coders  include  an 
adaptive  mechanism  for  improving  temporal  resolu¬ 
tion  by  adjusting  the  block  transform  size  when  a 
transient  is  detected.  Another  more  furidamental 
approach  is  the  use  of  a  nonunHorm  filterbank, 
which  can  simultaneous  satisfy  the  requirements  of 
good  pre-echo  control  and  frequency  resolution 
consistent  M^h  critical-band  analysis,  it  also  allows 
a  more  uniform  architecture  without  an  explicit 
adaptation  step. 

Previous  development  along  these  lines  has  consid¬ 
ered  the  use  of  wavelet  representations.  In  our 
prototype  Implementation,  we  use  a  hierarchical 
filterbank  stmcture  bas^  on  M-band  perfect- 
reconstruction  cosine-modulated  fllterbanks  (for 
various  values  of  M).  These  fllterbanks  have  b^n 
developed  Malvar'  and  in  an  equivalent  formu¬ 
lation  by  Vaidyanathan.2 

Testing  of  the  new  representation  has  shown 
improvement  over  an  uniform  filterbank  scheme. 
While  pre-distortion  still  exists  in  transient  signals, 
listening  sessions  show  that  pre-echo  is  inaudible 
with  the  new  filterbank. 

One  potential  disadvantage  of  a  fixed  filterbank 
containing  some  wide  subbands  is  that  the  system 
may  not  realize  the  theoretical  coding  gain  if  the 
signal  spectmm  is  very  peaked.  Further  research  is 
now  being  performed  to  devise  schemes  which  can 
adaptively  subdivide  the  filterbank  tree  based  on 
spectral  flatness  measurements. 


2.5  Transform  Coding  for 
High-Definition  Teievision 

Sponsor 

Advanced  Telecommunications  Research 
Program 

Project  Staff 

Ibrahim  A.  Hajjahmad 

The  field  of  image  coding  is  useful  for  many  areas. 
For  of  these  areas  is  the  reduction  of  channel  band¬ 
width  needed  for  image  transmission  systems,  such 


1  H.S.  Malvar,  ’Extended  Lapped  Transforms:  Properties,  Applicatfons  and  Fast  Algorithms,'  IEEE  Trans.  Signal  Proc.  40:  2703-2714 
(1992). 

2  P.P.  Vaidyanathan,  Multirate  Systents  and  Filter  Banks,  (Englewood  Cliffs,  New  Jersey:  Prentice  Hall,  1993). 
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as  HDTV,  video  conferencing,  and  facsimile. 
Another  area  is  the  reduction  of  storage  require¬ 
ments.  One  class  of  image  coders  is  known  as  the 
transform  image  coder.^  In  transform  image  coding, 
an  image  is  transformed  to  another  domain,  more 
suitable  for  coding  than  the  spatial  domain.  The 
obtained  transform  coefficients  are  quantized  and 
then  coded.  At  the  receiver,  the  cod^  coefficients 
are  decoded  and  then  inversely  transformed  to 
obtain  the  reconstructed  image. 

One  transform  which  has  shown  promising  results 
is  the  discrete  cosine  transform  (DOT).*  The  DOT  is 
a  real  transform  with  two  important  properties  that 
make  it  very  useful  in  image  coding.  One  is  the 
energy  compaction  property,  where  large  amount  of 
energy  is  concentrated  in  a  small  fraction  of  the 
transform  coefficients  (typically  low  frequency  com¬ 
ponents).  This  property  allows  us  to  code  a  small 
fraction  of  the  transform  coefficients  w'tth  a  small 
sacrifice  in  quality  and  intelligibility  of  the  coded 
images.  Another  is  the  correlation  reduction  prop¬ 
erty.  In  the  spatial  domain  there  is  a  high  corre¬ 
lation  among  image  pixel  intensities.  The  DOT 
reduces  this  correlation  and  redundant  information 
does  not  need  to  be  coded. 

Current  research  is  investigating  the  use  of  the 
DCT  for  bandwidth  compression.  New  adaptive 
techniques  are  also  being  studied  for  quantization 
and  bit  allocation  that  can  further  reduce  the  bit  rate 
without  reducing  image  quality  and  intelligibility. 


2.6  Pre-Echo  Detection  and  Reduction 

Sponsor 

Advanced  Telecommunications  Research 
Program 

Project  Staff 

Kyle  K.  Iwai 

In  recent  years,  there  has  been  an  increasing 
interest  in  data  compression  for  storage  and  data 
transmission.  In  the  field  of  audio  processing, 
various  kinds  of  transform  coders  have  successfully 
demonstrated  reduced  bit  rates  while  maintaining 
high  audio  quality.  However,  there  are  certain 
coding  artifacts  which  are  associated  with  transform 
coding.  The  pre-echo  is  one  such  artifact.  Pre¬ 
echos  typically  occur  when  a  sharp  attack  is  pre¬ 


ceded  by  silence.  Quantization  noise  added  by  the 
coding  process  is  normally  hidden  within  the  signal. 
However,  the  coder  assumes  stationarity  over  the 
wifKiow  length,  an  assumption  which  breaks  down 
in  a  transient  situation.  The  noise  is  unmasked  in 
the  silence  preceding  the  attack,  creating  an 
audible  artifact  called  a  pre-echo. 

If  the  length  of  the  noise  can  be  shortened  to  about 
5  ms,  psycho-acoustic  experiments  tell  us  that  the 
noise  will  not  be  audible.  Using  a  shorter  window 
length  shortens  the  length  of  the  pre-echo. 
However,  shorter  windows  also  have  lower  quality 
frequency  selectivity  and  lower  quality  coder  effi¬ 
ciency.  One  solution  is  to  use  shorter  windows  only 
when  there  is  a  quiet  region  followed  by  a  sharp 
attack. 

In  order  to  use  adaptive  window  length  selection,  a 
detector  had  to  be  designed.  A  simple  detector 
was  implemented  which  compares  the  variance 
within  two  adjacent  sections  of  audio.  In  a  transient 
situation,  the  variance  suddenly  increases  from  one 
section  to  the  next.  The  coder  then  uses  short 
windows  to  reduce  the  length  of  the  pre-echo,  ren¬ 
dering  the  artifact  inaudible. 


2.7  Video  Source  Coding  for 
High-Definition  Teievision 

Sponsor 

Advanced  Telecommunications  Research 
Program 

Project  Staff 

Peter  A.  Monta 

Efficient  source  coding  is  the  enabling  technology 
for  high-definition  television  over  the  relatively 
narrow  channels  envisioned  for  the  new  service 
(e.g.,  terrestrial  broadcast  and  cable).  Coding  rates 
are  on  the  order  of  0.3  bits/sample,  and  high  quality 
is  a  requirement.  This  work  focuses  on  new  source 
coding  techniques  for  video  relating  to  represen¬ 
tation  of  motion-compensated  prediction  errors, 
quantization  and  entropy  coding,  and  other  system 
issues. 

Conventional  coders  represent  video  with  the  use  of 
block  transforms  with  small  support  (typically  8x8 
pixels).  Such  independent  blocks  result  in  a  simple 


3  J.S.  Lim,  Two-Dimensional  Signal  and  Image  Processing,  (Englewood  Cliffs,  New  Jersey:  Prentice  Hall,  1990);  R.J.  Clarke,  Trans¬ 
form  Coding  of  Images,  (London,  England:  Academic  Press,  1985). 

*  N.  Ahmed,  T.  Natarajan,  and  K.R.  Rao,  ‘Discrete  Cosine  Transform,'  IEEE  Trans.  Comput  C-23:  90-93  (1974). 
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scheme  for  switching  a  predictor  from  a  motion- 
compensated  block  to  a  purely  spatial  block;  this  is 
necessary  to  prevent  the  coder  from  wasting 
capacity  in  some  situations. 

Subband  coders  of  the  multiresolution  or  wavelet 
type,  with  their  more  desirable  localization  proper¬ 
ties,  lack  of  "blocking"  artifacts,  and  better  match  to 
motion-compensated  prediction  errors,  complicate 
this  process  of  switching  predictors,  since  the 
blocks  now  overlap.  A  novel  predictive  coding 
scheme  is  proposed  in  which  subband  coders  can 
combine  the  benefits  of  good  representation  and 
flexible  adaptive  prediction. 

Source-adaptive  coding  is  a  way  for  HDTV  systems 
to  support  a  more  general  imaging  model  than  con¬ 
ventional  television.  With  a  source  coder  that  can 
adapt  to  different  spatial  resolutions,  frame  rates, 
and  coding  rates,  the  system  may  then  make 
tradeoffs  among  the  various  imagery  types,  for 
example,  60  frames/s  video,  24  frames/s  film,  highly 
detailed  still  images,  etc.  In  general,  this  is  an 
effort  to  make  HDTV  more  of  an  image  transport 
system  rather  than  a  least-common-denominator 
format  to  which  ail  sources  must  either  adhere  or 
be  hacked  to  fit.  These  techniques  are  also  appli¬ 
cable  to  NTSC  to  some  extent;  one  result  is  an 
algorithm  for  improved  chrominance  separation  for 
the  case  of  "3-2"  NTSC,  that  is,  NTSC  upsampled 
from  film. 


2.8  Error  Concealment  for  an  All-Digital 
HDTV  System 

Sponsor 

Advanced  Telecommunications  Research 
Program 

Project  Staff 

Aradhana  Narula 

Broadcasting  high-definition  television  (HDTV) 
requires  the  transmission  of  an  enormous  amount 
of  information  within  a  highly  restricted  bandwidth 
channel.  Adhering  to  the  channel  constraints 
necessitates  the  use  of  an  efficient  coding  scheme 
to  compress  the  data.  Compressing  the  data  dra¬ 
matically  increases  the  effect  of  channel  errors.  In 
the  uncompressed  video  representation,  a  single 
channel  error  affects  only  one  pixel  in  the  received 
image.  In  the  compressed  format,  a  channel  error 
affects  a  block  of  pixels  in  the  reconstructed  image, 
perhaps  even  the  entire  frame. 

One  way  to  combat  the  effect  of  channel  errors  is 
to  add  well-structured  redundancy  to  the  data 


through  channel  coding.  Error  oorrection  schemes 
generally,  however,  require  transmitting  a  significant 
number  of  additional  bits.  For  a  visual  product  like 
HDTV,  it  may  not  be  necessary  to  correct  all  errors, 
instead,  removing  the  sut^ective  effects  of  channel 
errors  using  error  concealment  techniques  may  be 
sufficient  a^  require  fewer  additional  bits  for  imple¬ 
mentation.  Error  concealment  may  also  be  used  in 
conjunction  with  error  correction  coding.  For 
example,  it  may  be  used  to  conceal  errors  which 
the  error  correction  codes  are  able  to  detect  but  not 
correct. 

Error  concealment  techniques  take  advantage  of 
the  inherent  spatial  and  temporal  redundancy  within 
the  transmitted  data  to  remove  the  subjective 
effects  of  these  errors  once  the  location  of  the 
errors  has  been  detected.  In  this  research,  error 
concealment  techniques  were  developed  and  ana¬ 
lyzed  to  help  protect  the  system  from  errors  occur¬ 
ring  in  several  parameters  transmitted  for  HDTV 
images.  Specifically,  error  concealment  for  errors 
in  the  motion  vectors  and  discrete  cosine  transform 
(DOT)  coefficients  were  investigated. 


2.9  Transmission  of  HDTV  Signais  in  a 
Terrestriai  Broadcast  Environment 

Sponsor 

Advanced  Telecommunications  Research 
Program 

Project  Staff 

Julien  J.  Nicolas 

High-definition  television  systems  currently  being 
developed  for  broadcast  applications  require  15-20 
Mbps  to  yield  good  quality  images  for  roughly  twice 
the  horizontal  and  vertical  resolutions  of  the  current 
NTSC  standard.  Efficient  transmission  techniques 
must  be  found  in  order  to  deliver  this  signal  to  a 
maximum  number  of  receivers  while  respecting  the 
limitations  stipulated  by  the  FCC  for  over-the-air 
transmission.  This  research  focuses  on  the  princi¬ 
ples  that  should  guide  the  design  of  such  trans¬ 
mission  systems. 

The  major  constraints  related  to  the  transmission  of 
broadcast  HDTV  include  (1)  a  bandwidth  limitation 
(6  MHz,  identical  to  NTSC),  (2)  a  requirement  for 
simultaneous  transmission  of  teth  NTSC  and  HDTV 
signals  on  two  different  channels  (Simulcast 
approach),  and  (3)  a  tight  control  of  the  interference 
effects  between  NTSC  and  HDTV,  particularly  when 
the  signals  are  sharing  the  same  frequency  bands. 
Other  considerations  include  complexity  and  cost 
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issues  of  the  receivers,  degradation  of  the  signal  as 
a  function  of  range,  etc. 

A  number  of  ideas  are  currently  under  study.  Most 
systems  proposed  to  date  use  some  form  of 
forward  error-correction  to  combat  channel  noise 
and  interference  from  other  signals.  The  overhead 
data  resenred  for  error-correction  schemes  repre¬ 
sents  up  to  30  percent  of  the  total  data,  and  it  is 
therefore  well  worth  trying  to  optimize  these 
schemes.  Current  work  is  focusing  on  the  use  of 
combined  modulation/ooding  schemes  capable  of 
exploiting  the  specific  features  of  the  broadcast 
channel  and  the  interference  signals.  Other  areas  of 
interest  include  use  of  combined  source/channel 
coding  schemes  for  HDTV  applications  and  multi¬ 
resolution  coded  modulation  schemes. 


2.10  Position-Dependent  Encoding 

Sponsor 

Advanced  Telecommunications  Research 
Program 

Prolect  Staff 

Alexsander  Pfajfer 

In  typical  video  compression  algorithms,  the  OCT  is 
applied  to  the  video,  and  the  resulting  OCT  coeffi¬ 
cients  are  quantized  and  encoded  for  transmission 
and  storage.  Some  of  the  OCT  coefficients  are  set 
to  zero.  Efficient  encoding  of  the  OCT  coef^ente 
is  usually  achieved  by  encoding  the  location  artd 
amplitude  of  the  non-zero  coefficients.  In  typical 
MC-DCT  compression  algorithms  up  to  90  percent 
of  the  available  bit  rate  is  used  to  encode  the 
location  and  amplitude  of  the  non-zero  quantized 
OCT  coefficients.  Therefore,  efficient  encoding  of 
the  location  and  amplitude  information  is  extremely 
important  for  high  quality  compression. 

Position-dependent  encoding,  a  novel  approach  to 
encoding  of  the  location  and  amplitude  information, 
is  being  examined.  Position-dependent  mnlength 
encoding  and  position-dependent  encoding  of  ^e 
amplitudes  attempts  to  exploit  the  inherent  differ¬ 
ences  in  statistic^  properties  of  the  runlengths  and 
amplitudes  as  a  function  of  their  position.  This 
novel  method  is  being  compared  to  the  classical, 
separate,  single-codebook  encoding  of  the 
runlength  and  amplitude,  as  well  as  to  the  joint 
runlength  and  amplitude  encoding. 
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2.11  HDTV  Transmission  Format 
Convsrslon  and  tha  HDTV  Migration 
Path 

Sponsor 

Advanced  Telecommunications  Research 
Program 

Prolect  Staff 

Lon  E.Sunshine 

The  current  proposal  for  terrestrial  HDTV  broad¬ 
casting  allows  for  several  possible  transmission 
formats.  Because  production  and  display  formats 
may  differ,  it  will  be  necessary  to  convert  between 
foimats  in  an  effective  way.  A  key  to  this  process  is 
the  de-interlacing  process.  Since  HDTV  will  pre¬ 
sumably  move  toward  progressive  display  systems, 
it  will  be  necessary  to  de-intertace  non-progressive 
source  material.  The  research  will  consider  topics 
relating  to  conversion  among  the  six  formats  being 
proposed  for  the  U.S.  HDTV  standard. 

As  HDTV  evolves,  it  is  probable  that  more  trans¬ 
mission  formats  will  be  allowed.  Furthermore,  addi¬ 
tional  bandwidth  may  be  allocated  for  some 
channels  (terrestrial  and/or  cable).  This  research 
will  consider  the  issues  related  to  the  migration  of 
HDTV  to  higher  resolutions.  Backward  compatibility 
and  image  compression  and  coding  issues  will  be 
addressed. 


2.12  Speech  Enhancement 

Project  Staff 

Chang  Dong  Yoo 

The  development  of  the  dual  excitation  (DE)  speech 
model  has  led  to  some  interesting  insights  into  the 
problem  of  speech  enhancement,  and  based  on  the 
ideas  of  the  DE  model,  a  new  speech  model  is 
being  developed.  The  DE  model  provides  more 
flexible  representation  of  speech  and  possesses 
features  which  are  particulariy  useful  to  the  problem 
of  speech  enhancement.  These  features,  along  with 
a  variable  length  window,  are  the  backbone  of  the 
new  speech  model  being  developed. 

Because  the  DE  model  does  not  place  any 
restrictions  on  its  characterization  of  speech,  the 
enhancement  system  based  on  the  DE  model  per¬ 
forms  better  than  the  one  based  on  any  of  the  pre¬ 
vious  speech  models.  While  a  model  should  be 
inclusive  in  its  characterization,  it  should  have  some 
restrictions.  Specifically,  a  speech  model  should 
pertain  to  speech.  The  DE  model  is  somewhat 
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unrestrictK/e  and  simple  in  its  characterization  of 
speech,  it  is  soleiy  bwed  on  the  separation  of  the 
voiced  and  unvoiced  components.  Whether  it 
makes  sense  to  represent  a  stop  as  a  voiced  and 
an  unvoiced  component  is  just  one  of  many  inter¬ 
esting  issues  which  are  being  investigated.  An 
extension  of  the  DE  modei  which  deais  with  these 
issues  better  is  currently  being  studied. 

All  model-based  enhancement  methods  to  date 
have  been  formulated  on  the  premise  that  each 
segment  of  speech  be  stationary  for  a  fixed  window 
length.  To  improve  the  performance  of  the 
enhancement  algorithm,  this  assumption  of 
stationarity  must  be  assured.  To  do  this,  a 


variable-length  window  should  be  used  to  capture 
varying  durations  of  stationarity  in  the  speech. 
There  are  several  algorithms  which  adaptively 
detect  changes  in  auto-regressive  model  para¬ 
meters  in  quasi-stationary  senate  which  have  been 
successfully  used  in  spe^  recognition.  We 
propose  to  investig^e  some  of  these  algorithms. 
The  benefit  from  using  a  variable  length  window  is 
two-fold:  (1)  It  will  allow  better  and  "cleaner"  sepa¬ 
ration  of  the  voiced  and  unvoiced  components;  and 
<2)  It  will  allow  for  a  greater  reduction  in  the  number 
of  characteristic  parameters,  such  as  the  ampli¬ 
tudes  of  the  voiced  components  and  the  LP  co^- 
cients  of  the  unvoiced  component. 
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3.1  Introduction 

Oponaor 

Sdtex  America  Corporation 

The  purpose  of  this  project  is  to  develop  a  high- 
definition  television  (HDTV)  system  for  terres^ 
broadcasting.  In  accordance  ground  njles  set 
up  by  the  Federal  Communications  System,  ead) 
TV  licensee  will  be  given  a  second  channel  within 
the  current  spectrum  allocation.  This  new  channel, 
to  be  awarded  without  competition,  must  be  used 
for  HDTV  broadcasting.  The  existing  channels  will 
continue  to  be  used  for  standard  broadcasting.  For 
much  of  the  day,  the  same  program  must  be  sent 
on  both  channels,  a  procedure  called  simulcasting. 
In  many  cases,  the  new  channels  will  be  so-called 
taboo  channeis-^those  that  cannot  be  used  today 
for  standard  broadcasting  because  of  interference. 
However,  coverage  on  the  new  channels  must  be 
about  the  same  as  coverage  on  existing  channels. 
Obviously,  the  HDTV  fbnnat  must  have  much  better 
interference  performance  than  the  current  fomiat 

Two  additional  requirements  for  this  new  system 
are:  (1)  the  picture  must  be  the  highest  quality  pos- 
sfole  and  (2)  the  system  must  operate  satisfactorily 
in  spite  of  noise,  ghosts,  interference,  and  fre- 
quericy  distortion.  In  addition,  the  system  must 
have  good  interoperability  with  other  media,  and 
nondisruptive  improvement  over  a  period  of  time 
must  be  possible. 


3.2  Systom  Dpvelopment 

As  discussed  in  RLE  Prognsa  Reports  NunH)sis 
134  and  135,  in  our  initial  ^an  we  had  intended  to 
use  a  two-stage  spread-spectrum  (SS)  system.  In 
this  scheme,  the  video  bandwidth  is  divided  into  a 
large  number  of  narrow-band  signals.  Then  each 
signal  is  spread  to  full  (6  MHz)  channel  bandwidth 


by  a  unique  spreading  sequence  with  all  the  spread 
s^nais  added.  However,  we  found  that  this  method 
(M  not  have  adequate  ghost  (multipath)  sup¬ 
pression.  As  discussed  in  last  year's  Progress 
Report,  we  combined  the  spread-spectnjm  method 
with  the  orthogonal  frequency-division  muWplex 
(OFDM)  method  to  improve  ghost  performance. 

In  both  the  OFDM  and  the  SS  methods,  the  signal 
is  divided  into  many  channels  so  that  the  symbol 
length  in  each  channel  is  substantially  longer  than 
the  temporal  spread  of  the  multipafo.  A  guard 
interval  is  added  to  each  symbol  in  which  a  portion 
of  the  symbol  is  repeated.  By  integrating  over 
exactly  one  symbol  lengtti  at  the  receiver,  multipath 
up  to  the  length  of  the  guard  interval  is  entirely 
eliminated.  This  performance  has  been  verified  in 
the  simulation  exercise. 


3.2.1  Currant  Status 

The  system  shown  in  figure  1  Is  under  simulation. 
As  in  our  earlier  system,  this  system  iMes  hybrid 
analog/digitai  source  coding  and  channel  coding. 
This  gives  higher  spectrum  efficiency  than  all-digiM 
channel  coding  while  having  just  as  good  com¬ 
pression  performance  in  the  source  coder. 

The  source  coder  generates  both  analog  and  digital 
data.  The  analog  data  consists  of  selected  Fourier 
coefficients.  The  digital  data  comprises  DC  and 
very  low-frequency  data,  audio,  ancillary  data,  and 
adcfotive  selection  information  for  identifying  the 
selected  coefficients.  As  in  our  earlier  system, 
analog  data  is  subjected  to  a  spread-spectrum 
opera^.  After  forward  error  correction  (FEC)  has 
been  added  to  the  digital  data,  the  analog  data  is 
added  to  It. 

This  procedure  produces  hybrid  anaiog/digital 
symbols  that  are  fed  to  the  OFDM  modulator.  (The 
combination  of  coding  with  OFDM  is  called  coded 
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FIgura  1. 


OFDM  or  COFDM.)  At  the  receiver,  the  signal  is 
demodulated  into  hybrid  symbols  and  de^ed, 
producing  error-corrected  data.  This  data  is 
recoded  and  subtracted  from  the  hybrid  symbols  to 
produce  analog  data,  which  is  then  subjected  to  an 
inverse  SS  operation.  The  source  deoader  pro¬ 
cesses  analog  and  digital  data  streams  to  produce 
an  approximation  to  the  original  video. 


3.3  Error  Correction 

The  digital  data  must  be  received  nearly  error-free. 
We  accomplish  this  by  using  a  concatenated  coder 
consisting  of  a  Reed-Solomon  coder  (adding  check 
bits  to  locate  errors)  and  a  convolutional  coder, 
which  increases  the  number  of  levels  in  the  signal 
to  regain  channel  capacity  normally  lost  by  quanti¬ 
zation.  This  combination  has  proved  extremely 
effective. 


3.4  Channel  Equalization 

One  benefit  of  OFDM  is  that,  since  the  multipath 
spread  is  shorter  than  the  symbol  length,  demodu¬ 
lation  into  the  separate  channels  can  be  done 
before  equalization,  thus  improving  the  SNR  of  the 
recovered  signals.  Multipath  causes  the  gain  to  be 
nonunifomri  across  the  channel.  At  frequencies 
where  the  gain  is  low,  noise  is  amplified.  In  this 
case,  there  are  fewer  problems  if  equalization  is 
done  after  demodulation. 

Since  there  are  so  many  subcaniers,  the  channel 
gain  can  be  described  by  a  single  gain  and  phase 
for  each.  These  are  easily  measured  by  a  training 
signal.  Correction  is  easily  implemented  since  the 
amplitudes  of  the  various  carriers  are  separated  out 
by  the  demodulation  process. 
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3.4.1  Current  Status 

We  have  fully  simulated  the  channel  coder  and  are 
now  measuring  its  properties.  We  are  designing 
the  source  coder  which  is  a  modification  of  the 
popuiar  MPEG  scheme  but,  in  our  scheme,  the 
amplitude  and  identification  of  coefficients  are  trans¬ 
mitted  independently.  We  are  also  developing  a 


multiresolution  version  of  the  system.  Pictures  of 
different  quality  are  recover^,  depending  on 
receivitig  conditions.  Finally,  we  are  investigating  a 
transmission  constellation  that  separates  the  digital 
and  analog  data  streams  so  that  each  is  recovered 
without  interference  fron  the  other. 
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1.1  Introduction 

The  primary  ot^ective  of  this  cooperative  work  with 
the  Houston  Advanced  Research  Center  (HARC)  is 
to  develop  a  novel  method  for  automated,  low-cost, 
high-throughput  DNA  sequence  analysis.  The 
overall  goal  is  to  demonstrate  laboratory  prototypes 
that  provide  a  substantial  increase  in  speed  over 
the  conventional  DNA  sequencing  methods  now 
used  in  biomedical,  pharmaceutical,  and  agricultural 
industries. 

The  basic  approach  being  taken  is  depicted  in 
figure  1 .  In  a  hypothetical  DNA  sequencing  test,  a 
solution  of  single-stranded  "target"  DNA  strands  of 
identical  but  unknown  sequence  is  washed  onto  a 
specialized  microelectronic  chip  called  a 
genosensor.  The  genosensor  surface  contains  a 
large  array  of  test  sites,  each  site  containing  short 
pieces  of  single-stranded  DNA  known  as  "probes." 
These  probes  are  chemically  attached  to  the  site. 
All  probes  in  a  given  site  are  of  like  sequence,  and 
the  sequence  for  each  site  is  unique  on  the  chip. 
The  target  DNA  strands  will  bond,  or  hybridize,  very 
strongly  to  probes  containing  their  exact  Watson- 
Crick  complement,  but  much  less  strongly  to  probes 
on  other  sites.  The  sites  containing  hybridized  DNA 
are  identified  via  electronic  sensing  on  the  chip,  and 
this  information  is  used  by  off-chip  instrumentation 
to  reconstruct  the  sequence  of  the  target  strands. 
Mips  role  in  this  effort  is  primarily  the  design  and 
fabrication  of  the  genosensor  chips. 


1.2  Development  of  Genosensor  Arrays 
for  DNA  Decoding 

Sponsor 

Houston  Advanced  Research  Center 
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1.2.1  Genosensor  Electronic-Detection 
Principle 

The  simplest  electrical  measurement  that  can  be 
made  at  a  test  site  to  detect  hybridization  is  pro¬ 
bably  a  measurement  of  the  change  in  local  permit¬ 
tivity  due  to  the  addition  of  long  target  strands  to 
the  site.  The  complex  permittivity  e'-j£"  of  an 
aqueous  solution  containing  DNA  exhibits  a  disper¬ 
sion  around  a  relaxation  frequency  which  is  a  func¬ 
tion  of  the  size  and  conformation  of  the  DNA 
molecule.  A  measurement  of  the  capacitance 
and/or  conductance  between  two  electrodes  in  the 
solution  over  a  range  of  frequency  can  therefore  dif¬ 
ferentiate  between  a  site  that  contains  only  short 
probe  strands  and  one  that  contains  long  target 
strands  hybridized  to  the  probe  strands.  From 
these  measurements  the  relative  permittivity  c',  the 
dielectric  loss  c",  and  the  dissipation  factor  c"/c' 
can  be  obtained  for  the  cell. 

The  ideal  electrode  stnicture  in  a  test  well  consists 
of  two  parallel  plates  spaced  so  that  the  entire 
volume  between  them  is  filled  by  the  hybridized 
DNA  globules  in  aqueous  solution.  For  the  sizes  of 
target  DNA  envisioned,  this  spacing  ranges  from 
approximately  200  to  a  few  thousand  angstroms.  A 
practical,  easily  fabricated  structure  that  approxi¬ 
mates  this  ideal  is  an  interdigitated  design  shown  in 
figure  2.  Fabricated  by  a  combination  of  wet  and 
dry  etching  with  metal  liftoff,  this  design  can 
achieve  the  required  spacings  between  the  upper 
and  lower  electrodes  at  their  edges. 


1.2.2  Genosensor  Fabrication  Development 

The  primary  emphasis  of  this  grant  is  on  the 
process  development  and  feasibility  exploratton  for 
the  genosensor  design  of  figure  2.  For  this  chip, 
conventional  2-/im  photolithography,  wet  atxf  dry 
etching  techniques,  and  electron-beam  evaporation 
and  IMoff  processes  are  used  to  fabricate  an 
interdigitated  electrode  structure  in  which  the 
opposing  electrodes  are  separated  vertically. 


'  Professor,  Department  of  Bectrical  Engineering,  University  of  Maryland,  College  Park,  Maryland,  as  of  September  1993. 
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Figure  1.  Conceptual  genosensor  system. 


Figure  2.  Electrode  design  for  a  permittivity  genosensor. 
The  unit  ceil  shown  is  repeated  many  times  across  a  test 
well  to  form  an  interdigitated  test  structure  with  the  top 
Au  electrodes  connected  to  one  access  line  and  the 
bottom  Au  electrodes  to  the  other. 

During  this  past  year,  significant  progress  has  been 
made  in  process  development.  A  new  6x6  passive- 
array  mask  design  has  been  completed  and  several 
genosensor  chips  have  been  fabricated,  packaged, 
and  delivered  to  HARC  for  testing.  Figure  3  illus¬ 
trates  various  aspects  of  the  genosensor  test  chips. 
While  the  electrode-finger  configuration  was  fixed  at 
2-/im  width  for  both  upper  and  lower  electrodes,  the 


numbers  of  electrode  fingers  and  the  finger  lengths 
were  systematically  vari^  from  site  to  site  on  each 
chip.  This  was  done  primarily  for  a  two-fokJ 
purpose:  (1)  to  test  relative  signal  sensitivity  as  a 
function  of  cell  size,  and  (2)  to  aid  in  the  evaluation 
of  device  yield.  The  largest  single  device  is 
800x800  ^m,  which  is  64  times  larger  than  our 
standard  design.  Since  the  primary  fatal  defect 
affecting  device  yield  is  a  metal  short  between  the 
opposing  electrodes,  a  good  yield  for  these  large 
devices  would  likely  project  a  very  high  yield  for  the 
standard  devices.  In  addition,  signal  sensitivity 
should  be  greater  for  the  large-area  devices. 
Signal  sensitivity  can  also  be  enhanced  by  bringing 
the  opposing  electrodes  closer,  either  by  using 
thicker  evaporated  metal  films  or  by  reducing  the 
oxide  etch  depth.  (This  has  been  verified  by  some 
modeling  work  performed  under  contract 
HRC-HG00776-01 ;  see  section  3  below.)  However, 
this  increases  the  probability  of  shorts  and  thus 
lowers  the  yield.  For  electrode  vertical  gaps  greater 
than  3000  A,  the  device  yield  at  the  cell  site  is 
better  than  90  percent.  For  gaps  less  than  2000  A, 
the  yield  is  less  than  50  percent  for  the  largest-area 
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Figure  3.  Collection  of  photographs  showing  various  views  of  a  complete  genosensor  device,  (a)  Top  view  of  the  stan¬ 
dard  100  X  100  pm  single  test  cell,  (b)  Top  view  of  the  6  X  6  passive  array  of  test  cells,  (c)  Scanning  electron 
micrograph  (SEM)  closeup  of  the  interdigitat^  electrode  fingers,  (d)  Genosensor  chip  in  electronic  package. 


devices.  Finally,  the  new  design  also  eliminated  erate  a  fair  amount  of  heat  owing  to  the  high 

one  mask  level  and  a  difficult  etching  step.  melting  temperature  of  Pt.  This  adversely  affects 

the  photoresist  which  makes  liftoffs  difficult  and 
The  other  significant  development  for  the  period  necessitates  additional  cleaning  procedures  to 

was  the  implementation  of  Pt  instead  of  Au  as  the  ensure  reliability  of  DNA  attachment  chemistry, 

electrode  material.  Pt  offers  several  potential  Recent  device  wafers  using  reduced  Pt-evaporation 

advantages  as  an  electrode  material  compared  to  rates  and  additional  resist  postbaking  have  resulted 

Au:  (1)  It  is  more  compatible  with  Si  fabrication  jn  much  improved  device  yield  and  surface  cleanli- 

technology  than  Au,  (2)  Pt  seems  to  be  preferred  ness.  Pt  also  has  problems  related  to  stress  which 

by  the  chemists  for  DNA  probe  attachment,  and  (3)  limit  the  metal  thickness  that  can  be  used  and  Pt  is 

Pt  is  more  resistant  to  corrosion  and  electrolytic  more  resistive  than  Au  (which  may  affect  signal 

etching  effects  than  Au  in  the  rather  hostile,  sensitivity — this  topic  is  still  under  investigation  but 

conductive  aqueous  buffer  solutions  important  to  is  probably  not  a  problem). 

DNA  chemistry. 

An  additional  problem  that  we  have  encountered  is 
There  are  some  disadvantages  to  using  Pt  for  breakage  in  the  Pt  interconnect  lines  that  connect 

electrode  fabrication,  however.  Because  there  are  the  bonding  pads  at  the  periphery  of  the  chip  to  the 

no  good  resist-compatible  etches,  electron-beam  biosites  clustered  in  the  center.  Initially,  we 

evaporation  and  liftoff  must  be  used  for  patterning  believed  that  this  problem  was  in  part  due  to  the 

of  the  cell  electrodes  rather  than  an  etching  rather  long  and  narrow  {3-^m  wide)  nature  of  these 

process.  We  have  found  that  Pt  evaporations  gen-  lines.  Further  investigation  and  mapping  of  several 
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device  wafers  show  that  the  breakages  seem  to  be 
clustered  in  consistent  regions  from  wafer  to  wafer, 
yet  there  appear  to  be  no  obvious  problems  on  the 
photolithographic  masks.  This  is  still  being  investi¬ 
gated.  In  the  meantime,  we  are  using  our  direct- 
write  laser  metal-deposition  capability  to  repair  the 
broken  lines  with  very  good  success.  Pt  is  our  pre¬ 
ferred  laser-write  material,  another  advantage  for 
using  R  for  genosensors. 

Over  this  time  period,  we  have  delivered  14  pack¬ 
aged  device  chips  to  HARC  for  this  project.  At 
present,  several  more  wafers  are  In  various  stages 
of  processing. 


1.2.3  Genosensor  Test  Results 

The  results  of  electrical  tests  on  a  genosensor  test 
cell  are  illustrated  in  figure  4.  In  this  experiment, 
12mer  DNA  probes  (12  nitrogenous  ba£»s  in  a 
single  strand)  were  attached  to  the  R  electrodes  of 
a  test  well.  Permittivity  measurements  were 
recorded  using  an  impedance  bridge  connected  to 
the  leads  of  the  test  site  via  the  genosensor 
package  shown  in  figure  3.  Next,  high  molecular 
weight  (4000  base  pairs)  target  DNA  was  puddled 
on  the  electrodes  and  the  measurements  repeated 
after  approximately  50  minutes.  Complementary 
target  and  probe  DNA  strands  were  used  in  this 
experiment  to  insure  that  hybridization  occurred. 
From  the  measurements,  the  dissipation  factor  as  a 
function  of  frequency  was  extracted  for  both  the 
nonhybridized-probe  case  and  the  hybridized  case 
(probe  pius  target).  The  nonhybridized  probes 
exhibited  maximum  energy  absorption  at  800  kHz, 
while  the  hybridized  DNA  displayed  maximum 
absorption  at  80  kHz,  a  factor  of  10  in  frequency 
discrimination.  Further,  the  nonhybridized  probes 
exhibited  a  dissipation  factor  of  20  at  the  peak, 
while  the  corresponding  value  for  the  hybridized 
case  was  4.  These  results,  though  preliminary,  are 
very  encouraging  as  th^y  indicate  that  sufficient  dis¬ 
crimination  between  hybridized  and  nonhybridized 
DNA  can  be  achieved.  For  further  discussion  see 
section  3  below. 
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site  containing  hybridized  probe  and  target  DNA  plotted 
for  comparison  with  data  from  a  site  containing 
nonhybridized-probe  DNA. 

file  primary  emphasis  of  this  effort  is  to  comple¬ 
ment  the  program  described  above  by  optimizing 
the  electrode  geometry  for  maximum  sensitivity. 
This  task  is  being  undertaken  using  a  two-prong^ 
experimental  and  theoretical  approach.  In  the 
experimental  approach,  the  electrode-finger  geom¬ 
etry  is  systematically  varied  by  varying  the  finger 
llnewidth  or  by  placing  the  opposing  electrodes  on 
the  same  horizontal  plane  (see  figure  5  and 
compare  to  figure  2).  This  is  in  contrast  to  the  cell- 
geometry  variations  with  a  fixed  electrode  finger 
width  of  2/im  described  in  the  previous  section. 
Assuming  that  the  DNA  attachment  chemistry  is  not 
significantly  affected  by  these  electrode  variations, 
measurements  of  dissipation  factor,  loss,  relative 
permittivity,  and  the  relaxation  frequency  should 
yield  direct  information  on  relative  sensitivity. 
During  the  past  year  we  have  supplied  12  pack¬ 
aged  chips  to  HARC  of  this  type  for  testing.  Many 
of  these  chips  are  currently  being  tested.  In  the 
theoretical  approach,  computer  modeling  is  used  to 
determine  the  relative  sensitivities  of  electrode 
geometries  using  known  or  measured  properties  of 
the  attached  DNA  layers.  The  combination  of  the 
electrical  measurements  and  computer  modeling 
should  allow  us  to  optimize  the  electrode  geometry 
and  also  provide  the  insight  necessary  to  develop  a 
physical  model  for  the  dispersion  effects  exhibited 
by  DNA  in  aqueous  solutions. 

During  this  past  year  an  electromagnetic-simulation 
package  was  purchased  from  ANSOFT  that  solves 
Maxwell's  equations  in  two  dimensions.  Recently, 
this  software  has  been  upgraded  to  handle  mate¬ 
rials  with  complex  permittivities  such  as  DNA. 
Figure  6  shows  the  electrode  geometry  in  cross 
section  and  some  equipotential  contours  from  a  sol¬ 
ution  generated  by  ANSOFT  with  the  metal  fingers 
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Figure  5.  Permittivity-genosensor  electrode  design  in 
which  the  opposing  electrodes  are  on  the  same  hori¬ 
zontal  plane.  The  data  of  figure  4  was  acquired  using 
this  electrode  design. 


Figure  6.  Cross  section  of  genosensor  electrode  geom¬ 
etry  and  contours  of  constant  electric  potential  with  the 
electrodes  biased  for  test. 


appropriately  biased.  Note  the  hybridized  DNA 
layer  attached  to  the  metal  electrodes.  The  input 
parameters  for  the  model  are  the  cell  geometry, 
applied  bias,  the  real  and  imaginary  parts  of  the 
permittivities  for  all  of  the  materials,  and  the  signal 
frequency.  The  simulation  yields  the  complex 
admittance  at  the  electrodes  modeled  as  a  parallel 
resistance,  Rp,  and  capacitance,  Cp,  for  the 
genosensor  cell.  These  values  can  in  turn  be  used 
to  calculate  and  the  dissipation  factor  from 
the  following  relations: 

Cp  -  £'Co 


£”  -  t/coRpCo 


£"/£'  -  l/coRpCp 

where  Cp  is  the  capacitance  between  the  electrodes 
in  vacuum.  The  parallel  Rp  and  Cp  obtained  in  this 
way  yield  a  simplified  equivalent  circuit  for  the 
genosensor  cell,  which  in  turn  can  be  usee*  imu- 
late  the  behavior  of  the  cell  in  a  circuit  tent 

that  may  include  switching  transistors. 

The  most  immediate  use  for  the  modeling  results, 
however,  is  to  infer  the  dispersion  characteristics  for 
the  DNA  in  solution  by  comparing  the  calculations 
with  the  experimental  results.  The  experimental 
data  shown  in  figure  4  were  obtained  for  the  probe 
and  hybridized  DNA  using  the  electrode  geometry 
of  figure  5,  as  described  in  the  previous  section. 
Assuming  a  4000-A-thick  DNA  layer  for  the  hybrid¬ 
ized  case,  a  dissipation  factor  of  4  (in  agreement 
with  the  experimentally  obtained  value  at  a  signal 
frequency  of  80  kHz)  can  be  obtained  with  a  peak 


value  of  £"  of  900  for  this  geometry.  This  value  of 
£"  is  very  consistent  with  literature  values  for  similar 
DNA.  However,  for  the  nonhybridized  case,  where 
a  dissipation  factor  of  20  was  measured,  the  exper¬ 
imental  data  cannot  be  fit  by  any  simple  adjustment 
of  DNA  permittivity  or  loss  in  the  model.  Such  a 
large  loss  mechanism  for  the  nonhybridized-probe 
case  might  be  explainable  by  a  preferential  and 
ordered  alignment  of  the  short  negatively-charged 
DNA  probes  on  the  electrode  surfaces.  These 
probes  may  act  as  a  regular  array  of  high-Q 
mechanical  oscillators  efficiently  absorbing  energy 
from  the  alternating  electric  field  at  a  characteristic 
resonant  frequency.  An  alternative  explanation 
might  be  related  to  the  electric  dipole  formed  by  the 
negatively  charged  DNA  probes  and  the  positive 
ions  in  solution.  This  dipole  layer,  as  it  resonates 
with  the  applied  AC  field,  could  in  turn  modulate  the 
conductivity  of  the  buffer  solution  in  the  vicinity  of 
the  electrodes,  giving  rise  to  the  characteristic  peak. 
In  any  case,  this  phenomenon  is  currently  under 
intense  investigation. 
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1.1  Introduction 

The  overall  objective  of  our  research  in  speech 
communication  is  to  gain  an  understanding  of  the 
processes  whereby  (1)  a  speaker  transforms  a  dis¬ 
crete  linguistic  representation  of  an  utterance  into 
an  acoustic  signal,  and  (2)  a  listener  decodes  the 
acoustic  signal  to  retrieve  the  linguistic  represen¬ 
tation.  The  research  includes  development  of 
models  for  speech  production,  speech  perception, 
and  lexical  access,  as  well  as  studies  of  impaired 
speech  communication. 

Sponsors 

C.J.  Lebei  Feiiowship 
Dennis  Klatt  Memorial  Fund 
National  institutes  of  Health 
Grant  R01-DC00075 
Grant  P01-DC00361-06AVS 
Grant  R03-DC01721 
Grant  R01-DC01291 
Grant  R01 -0000261'® 

Contract  R01-DC00776'* 

National  Science  Foundation 
Grant  IRi  89-05249'^ 

Grant  IRI  89-10561 
Grant  INT  90-24713'® 


1.2  Studies  of  the  Acoustics, 
Perception,  and  Modeiing  of  Speech 
Sounds 


1.2.1  Nasal  Vowels  and  Consonants 

Some  further  experimental  data  on  the  acoustics  of 
nasaiization  have  been  coilected,  and  these  data 
have  contributed  to  a  refinement  of  the  acoustic 
theory  of  nasaiization.  An  experimentai  approach 
has  been  developed  for  measuring  the  natural  fre¬ 
quencies  of  the  nasal  cavity  when  it  is  ciosed  at  the 
posterior  end.  The  naturai  frequencies  are  deter¬ 
mined  by  measuring  the  response  of  the  nasal 
cavity  when  a  transient  excitation  is  produced  by 
rapidly  closing  the  velopharyngeal  port.  In  accord¬ 
ance  with  previous  findings,  two  of  the  principal 
natural  frequencies  are  in  the  range  490-640  Hz 
and  1880-2400  Hz  for  different  individuals.  Addi¬ 


'5  Under  subcontract  to  Massachusetts  Eye  and  Ear  Infirmary. 

16  Under  subcontract  to  Massachusetts  General  Hospital. 

17  Under  subcontract  to  Boston  University. 

18  U.S.-Sweden  Cooperative  Science  Program. 


tional  naturai  frequencies,  presumeU)iy  due  to 
sinuses,  are  observed  at  210-250  Hz  and  at  fre¬ 
quencies  between  the  principal  resonances. 
Acoustic  analysis  of  nasalized  vowels  in  English 
and  French  shows  that  the  lowest  sinus  resonance 
contributes  to  an  enhancement  of  the  spectrum 
amplitude  at  low  frequencies.  This  increased  low- 
frequency  amplitude  has  been  observed  to  be  as 
great  as  10  dB  for  French  nasal  vowels.  This 
enhanced  low-frequency  amplitude  is  an  additional 
attribute  that  contributes  to  the  decreased  first- 
formant  prominence  that  occurs  when  a  vowel  is 
nasalized. 


1.2.2  Lateral  Consonants 

In  earlier  studies  of  lateral  consonants,  acoustic 
events  at  the  release  and  closure  of  these  conso¬ 
nants  were  examined.  These  acoustic  data  showed 
the  nature  of  the  discontinuity  in  amplitudes  and  fre¬ 
quencies  of  spectral  peaks,  particularly  the  abrupt 
change  in  second-formant  amplitude  due  to  band¬ 
width  changes  associated  with  acoustic  losses 
during  the  lateral.  This  study  has  been  extended  to 
include  syllabic  laterals,  which  contrast  with  the 
unstressed  vowel  [o]  in  word  pairs  like  bucko* 
buckle.  Measurements  show  similar  values  for  the 
first  two  formant  frequencies  FI  and  F2  for  the  two 
syllabic  nuclei,  with  some  spectral  differences  in  the 
f^-F4  region  which  do  not  appear  to  be  consistent. 
The  most  consistent  difference  between  the  lateral 
and  the  vowel  is  the  F2  bandwidth.  Informal  lis¬ 
tening  with  synthesized  utterances  confirms  that  the 
increased  F2  bandwidth  shifts  the  identification  from 
the  vowel  to  the  lateral.  More  extensive  anaiyses 
and  listening  tests  are  in  progress. 


1.2.3  Formant  Transitions  for  Fricative 
Consonants 

Measurements  have  been  made  of  the  transitions 
of  the  second  and  third  formant  frequencies  (F2 
and  F3)  in  vowels  following  the  release  of  different 
voiceless  and  voiced  fricative  consonants  produced 
by  four  speakers.  This  is  part  of  a  larger  study  of 
the  acoustics,  perception,  and  modeling  of  fricative 
consonants.  The  data  show  that  the  range  of  F2 
starting  frequencies  across  different  following 
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vowels  is  much  greater  for  labiodental  fricatives 
than  for  palatoalveolar  fricatives,  with  the  ranges  for 
dentals  and  alveolars  being  between  these 
extremes.  These  data  support  a  view  that  the 
tongue  body  is  relatively  free  to  anticipate  the  fol¬ 
lowing  vowel  for  labials,  leading  to  a  wide  range  of 
F2  values  at  the  release.  The  production  of 
palatoaveolars,  on  the  other  hand,  places  con¬ 
straints  on  the  position  of  the  tongue  blade  and  the 
anterior  portion  of  the  tongue  body,  thereby  con¬ 
straining  the  degree  to  which  the  tongue  can  be 
positioned  to  anticipate  the  following  vowel.  If  the 
range  of  F2.  starting  frequencies  across  different 
consonants  is  examined  for  each  vowel,  this  range 
is  least  for  the  vowel  /i/  and  most  for  /u/,  with  other 
vowels  in  between.  These  range  differences  reflect 
differences  in  the  extent  of  tongue-body  movements 
that  are  required  as  movements  are  made  between 
the  consonants  and  the  different  vowels. 


1.2.4  Transients  in  Stop  Consonant 
Releases 

Theoretical  analysis,  coupled  with  acoustic  data, 
indicates  that  an  acoustic  transient  occurs  at  the 
release  of  a  stop  or  affricate  consonant,  imme¬ 
diately  preceding  the  noise  burst.  This  acoustic 
transient  is  generated  by  the  abrupt  pressure 
release  that  occurs  when  the  cross-sectional  area 
of  the  consonantal  constriction  increases  rapidly. 
The  Klatt  speech  synthesizer  has  been  modified  to 
include  the  capability  of  generating  such  a  transient 
source,  with  a  spectrum  that  is  in  accord  with  the¬ 
oretical  predictions.  Listening  tests  with  synthetic 
consonants  produced  with  different  levels  of  this 
transient  have  shown  that  listeners  usually  judge 
the  stop  consonants  with  a  transient  having  an 
appropriately  adjusted  amplitude  to  ^ound  more 
natural  than  consonants  produced  without  the  tran¬ 
sient. 


1.2.5  Acoustic  Study  of  Italian  Vowels 

A  study  of  the  acoustic  characteristics  of  Italian 
vowels  has  been  initiated.  Formant  frequencies, 
durations,  and  fundamental  frequencies  were  exam¬ 
ined  for  the  vowels  produced  in  a  standard 
consonant-vowel  frame  with  different  stop  conso¬ 
nants  preceding  the  vowel.  The  effects  of  conso¬ 
nant  voicing  and  vowel  height  on  fundamental 
frequency  follow  patterns  similar  to  those  observed 
in  English  The  influence  of  the  consonant  on  the 
following  vowel  is  greatest  for  the  second  formant, 
and  also  follows  a  pattern  similar  to  that  for  English. 
Italian  has  four  vowels  with  intermediate 
height— two  front  and  two  back  vowels,  with  one 


member  of  each  pair  being  more  open  than  the 
other.  The  more  open  vowel  of  the  pair  is  longer 
than  its  more  closed  counterpart,  in  contrast  to  the 
opposite  duration  pattern  for  the  corresponding 
tense-lax  pairs  in  English.  Different  models  are 
being  developed  to  account  for  the  data. 


1 .2.6  Preaspirated  and  Postaspirated  Stops 
in  iceiandic 

We  have  examined  the  perception  of  two  speech 
cues  in  Icelandic,  Voice  Onset  Time  (VOT)  as  a 
cue  for  word-initial  aspiration  of  stops,  and  Voice 
Offset  Time  (VOffT)  as  a  cue  for  preaspiration. 
These  speech  cues  contrast  in  an  interesting 
manner  in  perception  though  signaled  by  acous¬ 
tically  identical  cues.  The  studies  replicate  the  well- 
known  finding  that  place  of  articulation  has  an  effect 
on  the  placement  of  the  VOT  boundaries  separating 
unaspirated  from  aspirated  stops.  No  such  effect 
was  found  for  the  perception  of  VOffT.  Both  cues 
are  sensitive  to  the  duration  of  the  vowel  carrying 
the  relevant  segments,  VOffT  much  more  so  than 
VOT.  While  the  effect  of  vowel  duration  on  the  per¬ 
ception  of  VOT  has  usually  been  attributed  to  the 
effect  of  rate  normalization,  in  the  case  of  VOffT  it 
emerges  that  the  ratio  of  VOffT  at  the  phoneme 
boundary  to  the  duration  of  the  vowel  acts  as  a 
higher-order  invariant,  thus  obviating  the  need  to 
posit  a  mechanism  of  rate  normalization.  The  dif¬ 
ferences  in  the  behavior  of  these  speech  cues  is 
related  to  their  different  positions  in  the  syllable. 


1.2.7  Acoustic  and  Articulatory  Studies  of 
Stop  Consonant  Production. 

The  production  of  a  stop  consonant  such  as  [p] 
requires  that  the  articulator  that  makes  the  conso¬ 
nant  closure  be  released  rapidly,  so  that  an  abrupt 
onset  of  acoustic  energy  is  achieved.  Data  on  the 
movement  of  the  jaw  and  the  lips  have  been 
obtained  using  an  electro-magnetic  midsagittal 
articulometer  (EMMA)  to  track  movements  of  points 
on  these  structures  during  the  production  of  stop 
consonants  in  various  phonetic  environments. 
Simultaneous  recordings  of  the  sound  output  were 
made.  Data  for  the  consonant  [pi  in  utterances 
like  [espV]  or  [epV]  (where  V  =  [iJ  or  [aj)  show 
that  the  downward  movements  of  the  jaw  and  lower 
ip  appear  to  be  coordinated  to  achieve  maximum 
rate  of  lip  opening  at  the  time  of  release,  in  spite  of 
the  requirement  that  the  jaw  remain  high  during  a 
preceding  [s]  in  order  to  enhance  turbulence  noise 
generation.  In  general,  the  total  time  interval  over 
which  the  stop  consonant  has  an  influence  on  the 
movement  patterns  is  in  the  range  150-200  ms. 
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1.2.8  Individual  DHtarences  in  Laryngeal 
Waveforms  for  Female  Speakers 

The  aim  of  this  project  is  to  develop  procedures  for 
characterizing  the  laryngeal  behavior  of  individual 
speakers  based  on  measurements  on  the  speech 
waveform.  A  number  of  measurements  were  made 
in  several  vowels  produced  by  several  different 
speakers.  The  measurements  are  intended  to 
provide  information  about  the  glottal  area  waveform 
and  hence  about  the  configuration  and  state  of  the 
glottis  during  modal  vibration.  The  parameters 
include  various  measurements  of  spectral  tilt,  first- 
formant  bandwidth,  and  degree  of  acoustic  coupling 
through  the  glottis  to  the  trachea.  Substantial  indi¬ 
vidual  differences  in  these  parameters  have  been 
obsenred,  and  some  partial  interpretations  in  terms 
of  average  glottal  opening  have  been  made. 
Further  studies  are  needed  if  a  compact  set  of 
descriptors  for  individual  speakers  is  to  be  devel¬ 
oped. 


1.3  Studies  of  Normal  Speech 
Production 


1.3.1  Goal-based  Speech  Motor  Control:  A 
Theoretical  Framework  and  Some 
Preliminary  Data 

A  theoretical  framework  for  the  segmental  compo¬ 
nent  of  si^ech  production  has  been  outlined  and 
some  preliminary  supporting  data  have  been  pre¬ 
sented.  According  to  the  framework,  articulatory 
movements  are  programmed  to  achieve  sequences 
of  articulatory  and  acoustic  goals.  The  goals  are 
defined  partly  by  characteristics  of  speakers  that 
enable  them  to  produce  and  perceive  speech 
sounds  that  have  distinctive  acoustic  properties; 
these  characteristics  are  correlates  of  distinctive 
features.  Some  feature  correlates  are  determined 
by  quantal  (non-linear)  relations  between  artic¬ 
ulation  and  sound.  Goal  definitions  also  may  be 
partly  language-specific,  according  to  other  princi¬ 
ples  such  as  a  compromise  between  sufficient  per¬ 
ceptual  contrast  and  economy  of  articulatory  effort. 
When  utterances  are  produced,  goal  specifications 
are  modified  by  prosodic  influences  and  reduction. 
Based  on  the  sequence  of  modified  goal  specifica¬ 
tions,  articulatory  movements  are  timed  appropri¬ 
ately  and  smoothed  by  the  control  mechanism  and 
the  biomechanical  properties  of  the  articulators.  To 
help  keep  acoustic  variability  within  perceptually- 
acceptable  limits,  speech  production  mechanisms 
include  a  strategy  of  "motor  equivalence",  which 
takes  advantage  of  the  fact  that  for  some  sounds,  a 
similar  acoustic  transfer  function  can  be  achieved 


with  somewhat  different  area  functions.  This 
hypothesis  is  supported  tentatively  by  data  on 
motor  equivalence  at  the  level  of  the  transformation 
between  the  vocal-tract  area  function  and  the 
acoustic  transfer  function. 


1.3.2  Factors  Underlying  Hndings  of  Motor 
Equivalence  in  the  Transformation  Between 
the  Vocal-tract  Area  Function  and  the 
Acoustic  Transfer-function 

Using  measurements  made  with  an  electro¬ 
magnetic  midsagittai  articulometer  (EMMA),  we 
have  found  evidence  of  trading  relations  between 
lip  rounding  and  tongue-body  raising  for  multiple 
repetitions  of  the  vowel  /u/  in  seven  male  speakers 
of  American  English.  In  other  words,  when  the 
tongue  body  is  less  raised,  the  lips  are  more 
rounded  and  vice  versa.  (An  eighth  speaker  did  not 
show  such  a  trading  relation.)  As  mentioned 
above,  these  findings  support  the  hypothesis  that 
there  is  a  "motor  equivalence"  strategy  which  func¬ 
tions  at  the  level  of  the  transformation  between  the 
vocal-tract  area  function  and  the  acoustic  transfor¬ 
mation.  For  all  of  the  subjects,  examination  of 
subsets  of  data  defined  by  a  measure  of  acoustic 
distance  from  a  normative  mean  has  shown  that 
there  is  an  increasing  likelihood  of  negative  corre¬ 
lations  for  tokens  that  are  less  /u/-like.  For  a 
majority  of  the  data  sets,  tokens  that  are  less 
/u/-like  are  produced  at  a  faster  rate.  Thus,  this 
strategy  could  help  to  keep  acoustic  variation  within 
perceptuaily-acceptable  limits,  and  it  seems  to 
come  into  play  more  when  it  might  be  needed,  to 
prevent  production  of  a  sound  that  coukf  lead  to  the 
wrong  percept. 


1.3.3  Speaking  Rate  and  Associated 
Kinematic  Patterns  of  Tongue  Movements 

Kinematically-based  measurements  of  effort  on 
tongue  movements  were  examined  for  a  speaker 
with  a  cochlear  implant.  Turning  the  speech  pro¬ 
cessor  of  the  implant  on  and  off  induced  changes  in 
the  subject's  speaking  rate.  Kinematic  measure¬ 
ments  were  made  of  EMMA  data  on  tongue-body 
movements  toward  and  away  from  the  steady-state 
target  for  the  vowel  /u/  in  the  utterance  "...  who  hid 
...".  Although  the  movements  toward  the  target 
were  quite  small— on  the  order  of  a  millimeter— the 
kinematic  measurements  still  exhibited  relationships 
that  were  strikingly  similar  to  previous  results  of 
others:  there  was  a  strong  positive  relation 

between  movement  distance  and  duration,  and 
values  of  an  index  of  velocity  profile  shape  (the 
ratio  of  peak  velocity  to  average  velocity)  were  posi¬ 
tively  related  to  values  of  movement  duration. 
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According  to  measurements  of  peak  velocity  and 
effort,  the  most  effort  was  exerted  in  the  condition 
when  the  cochlear  implant  had  been  turned  off  for 
the  longest  time. 


1.4  Speech  Research  Relating  to 
Special  Populations 


1.4.1  Speech  Production  of  Cochlear 
Implant  Patients 

This  project  is  funded  under  a  subcontract  to  the 
Massachusetts  Eye  and  Ear  Infirmary  in  collab¬ 
oration  with  Ors.  Harlan  Lane,  Donald  Eddington 
and  Joseph  Nadol. 

This  research  aims  to  characterize  the  speech  pro¬ 
duction  of  postlingually  deafened  adults  before  and 
after  they  receive  cochlear  implants.  One  goal  of 
the  work  is  to  contribute  to  the  development  of 
models  of  the  role  of  hearing  in  speech.  The 
findings  can  also  contribute  to  evaluating  and 
improving  prostheses  and  to  focusing  speech 
therapy  for  implant  users.  Toward  these  goals,  we 
have  been  making  measurents  of  (1)  vowel  acous¬ 
tics  (vowel  formants,  FD,  SPL,  duration,  and 
inferr^  glottal  aperture);  (2)  consonant  acoustics 
(voice-onset  time,  fricative  and  plosive  spectra);  (3) 
speech  aerodynamics  (speech  initiation  and  termi¬ 
nation  lung  volumes,  volume  of  air  per  syllable, 
inferred  subglottal  pressure,  oral  and  nasal  airflow, 
peak  glottal  airflow,  minimum  fiow,  AC  flow,  open 
quotient,  and  maximum  flow  declination  rate);  and 
(4)  tongue,  lip  and  jaw  trajectories.  A  major 
concern  has  been  to  separate  "phonemic"  changes 
in  these  parameters  from  changes  due  to  "postural" 
adjustments  in  overall  speaking  rate,  SPL,  and  FO. 

Production  of  the  Plosive  Place  Contrasts 

To  date,  we  have  examined  the  spectra  of  plosive 
bursts  of  four  implant  users  before  and  after  acti¬ 
vation  of  the  speech  processors  of  their  cochlear 
implants.  The  spectral  slopes  of  the  bursts 
(dB/octave)  in  all  three  places  of  articulation  did  not 
change  reliably  with  activation.  Comparison  with 
normative  data  suggests  that  these  speakers  had 
normal  spectral  slopes  for  bilabial  and  alveolar  posi¬ 
tions,  but  more  compact  spectra  for  the  velar  place 
of  articulation. 


Production  of  Fricative  Place  Contrasts 

Prior  to  activation  of  their  cochlear  implants,  two 
deafened  adult  speakers  produced  the  alveolar  and 
palatal  voiceless  fricatives  with  spectral  parameters 
more  similar  to  one  another  than  in  normal  hearing 
individuals.  With  die  restoration  of  some  hearing, 
these  speakers  differentiated  these  productions 
more  normally.  When  their  implant  spe^  proces¬ 
sors  were  turned  off  and  on  for  short  periods,  they 
reduced  and  increased  spectral  differentiation  corre¬ 
spondingly. 

We  have  conducted  an  initial  experiment  to  explore 
the  articulatory  basis  of  changes  in  fricative  spectra 
with  prosthetic  hearing  and  to  assess  whether  they 
are  due  to  selective  control  by  prosthetic  hearing  or 
a  postural  change  in  rate  or  both.  With  another 
implant  user,  an  electro-magnetic  midsagittal 
articulometer  system  was  used  to  record  move¬ 
ments  of  the  tongue,  lips  and  jaw.  Preliminary 
analysis  showed  that  tongue  blade  positions  during 
the  paiatoalveolar  fricative  /sh/  changed  with  access 
to  hearing;  moreover,  the  shift  in  place  of  artic¬ 
ulation  directly  correlated  with  the  observed  shift  in 
the  fricative  spectrum  between  processor  on  and  off 
conditions,  a  shift  that  sharpened  the  fricative  place 
contrast  with  the  processor  on. 

Voicing  Onset  Time 

Implant  users  lengthen  voice-onset  time  (VOT) 
toward  normative  values  with  processor  activation. 
However,  VOT  changes  may  reflect  postural  adjust¬ 
ments.  VOT  and  syllable  duration  have  been 
measured  for  the  plosives  spoken  by  five  patients 
pre-  and  post-activation  of  their  implant  speech  pro¬ 
cessors  over  a  period  of  several  years.  Pre-implant, 
all  five  speakers  characteristically  uttered  voiced 
plosives  with  too-short  VOT,  compared  to  normative 
data.  VOTs  of  voiceless  plosives  were  also  abnor¬ 
mally  short  for  three  of  the  speakers,  and  close  to 
normal  for  the  remaining  two.  With  some  hearing 
restored,  implant  users  made  relatively  few  errors 
with  respect  to  voicing  when  identifying  plosives  in 
listening  tests.  Three  of  the  five  speakers  length¬ 
ened  VOT,  and  three  increased  the  contrast.  The 
findings  are  consistent  with  the  hypothesis  that 
deafened  speakers  reset  articulatory  routines  when 
some  hearing  is  restored  and  they  can  hear  the  rel¬ 
evant  voicing  features.  However,  this  study  con¬ 
trolled  for  the  indirect  contribution  to  VOT  changes 
of  changes  in  only  one  postural  variable,  speaking 
rate.  In  the  case  of  the  voiced  plosives,  multiple 
correlations  between  changes  in  the  postural  vari¬ 
ables  of  rate,  a  measure  of  breathiness  and  SPL 
and  changes  in  VOT  were  large  and  significant, 
suggesting  that  much,  if  not  all,  of  the  VOT 
changes  could  be  attributed  to  the  mediation  of 
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postural  changes.  In  the  case  of  the  voiceless 
plosives,  however,  multiple  correlations  were  small 
and  could  account  for  only  part  of  the  oteerved 
increases  in  VOT,  suggesting  that  the  speaker 
increased  VOT  partly  under  the  control  of  his  or  her 
renewed  ability  to  hear  VOT  due  to  the  implant. 

Our  findings  to  this  point  continue  to  indicate  signif¬ 
icant  deterioration  of  acoustic  and  articulatory 
speech  parameters  in  adults  after  becoming  deaf, 
and  substantial  long-term  changes,  generally  in  the 
direction  of  normalcy,  following  activation  of  the 
cochlear  implant. 


1.4.2  Degradation  of  Speech  and  Hearing 
with  Bilateral  Acoustic  Neuromas 

In  this  project,  we  are  studying  the  relation  between 
speech  and  hearing  in  people  who  become  deaf 
from  bilateral  acoustic  neuromas  (auditory  nerve 
tumors)  associated  with  the  genetic  disorder 
neurofibromatosis  type  II  (NF2).  The  primary  goal 
of  the  study  is  to  increase  our  understanding  of  the 
role  of  hearing  in  the  control  of  adult  speech  pro¬ 
duction.  The  rationale  and  approach  for  this  work 
are  similar  to  those  of  our  ongoing  work  on  the 
speech  production  of  cochlear  implant  patients. 
Speech  acoustic  and  physiological  parameters  are 
recorded  and  speech  perception  is  tested  in  a 
group  of  (still  hearing)  NF2  patients.  Then  the 
same  parameters  are  recorded  at  intervals  for  any 
patients  who  suffer  further  hearing  loss.  Thus  far, 
we  have  obtained  baseline  recordings  from  40 
patients  who  still  have  some  hearing. 

Two  of  the  enrolled  patients  have  suffered  further 
hearing  loss,  and  we  have  obtained  post-loss 
recordings  on  both  of  them.  We  have  analyzed  the 
pre-  and  post-loss  recordings  for  one  of  the  two. 
This  patient  had  a  mild-to-moderate  hearing  loss  in 
one  ear  (aided)  and  was  deaf  in  the  other  due  to 
bilateral  acoustic  neuromas.  She  became  deaf 
bilaterally  when  the  second  of  these  neuromas  was 
surgically  removed.  Following  this  surgery,  an 
audito^  brainstem  implant  provided  minimal  speech 
reception  benefit.  Three  speech  production 

recordings  made  prior  to  deafening  were  compared 
to  recordings  made  1 1  and  35  weeks  post¬ 
deafening.  Results  indicated  significant  changes  in 
voice  onset  time  (VOT),  fundamental  frequency 
(FO),  FO  range,  and  vowel  duration.  VOTs, 
adjusted  for  changes  in  syllable  duration,  were  sig¬ 
nificantly  shorter  for  the  voiceless  plosives  post¬ 
deafening.  FO  was  at  the  mean  of  a  normative 
range  prior  to  deafening,  and  rose  significantly 
above  this  range  post-deafening.  An  analysis  of 


prosody  indicated  that  the  subject  placed  pitch 
accents  on  the  same  syllables  post-deafening,  but 
FO  mean  and  s.d.  were  significantly  higher.  Vowel 
formants,  /s-sh/  contrast,  an  indirect  measure  of 
breathiness,  and  overall  SPL,  showed  no  significant 
changes  by  35  weeks  post-deafening. 


1.4.3  Objective  Aseessment  of  Vocal 
Hyperfunction 

This  project  is  funded  under  a  subcontract  to  the 
Massachusetts  Eye  and  Ear  Infirmary  in  collab¬ 
oration  with  Or.  Robert  E.  Hillman. 

The  major  goal  of  this  project  is  to  further  develop 
and  use  quantitative  measurements  of  voice  pro¬ 
duction  to  provide  objective  descriptions  of  condi¬ 
tions  referred  to  as  vocal  hyperfunction.  This  work 
involves  the  use  of  noninvasive  acoustic,  aero¬ 
dynamic  and  physiologic  measures  to  study  both 
organic  (nodules,  polyps,  contact  ulcers)  and  non- 
organic  (functional  dysphonia/aphonia)  manifesta¬ 
tions  of  vocal  hyperfunction.  These  measurements 
are  examined  in  relation  to  encoded  descriptions  of 
the  pathophysiologic  status  of  the  larynx  (from 
videolaryngoscopy/stroboscopy),  pertinent  medical 
and  psychosocial  factors  and  judgments  about  per¬ 
ceptual  characteristics  of  the  voice.  Interpretation 
of  results  will  be  aided  through  use  of  a  simple 
model  of  vocal-fold  vibration. 

Expansion  and  Correction  of  the  Normative 
Database 

We  have  gathered  and  completely  analyzed  data 
for  30  additional  normal  speakers  (15  males  and  15 
females)  using  updated  analysis  methods.  Statis¬ 
tical  tests  comparing  previous  (1988)  and  new 
(1993)  normative  data  indicated  overall  group  differ¬ 
ences.  For  most  individual  parameters,  differences 
between  the  two  groups  were  relatively  small  (less 
than  a  10  percent  change)  and  not  statistically  sig¬ 
nificant.  Such  variation  could  be  attributed  to  minor 
methodological  differences  and  sampling  effects, 
i.e.,  most  of  the  new  average  values  fell  well  within 
one  standard  deviation  of  the  previous  averages. 
However,  for  the  parameter  maximum  flow 
declination  rate  (MFDR),  there  were  instances 
(mostly  for  loud  voice)  of  significant  differences 
between  the  1988  and  1993  data.  These  differ¬ 
ences  could  be  attributed  largely  to  changes  (cor¬ 
rections)  in  the  signal  processing  algorithms  that 
are  used  to  obtain  glottal  waveform  measurements. 
The  new  MFDR  values  more  closely  match  predic¬ 
tions  based  on  speech  acoustic  theory  and  are 
therefore  believed  to  be  more  valid. 
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R98plnU>iy  Function  AsaocMod  with  Vocal 
ttoduhs  In  FOmaloa 

We  have  completed  the  collection  of  respiratory 
data  for  10  females  with  vocal  nodules  and  10 
matched  (sex,  age,  body  type)  normal  controls. 
Preliminary  results  indicate  that,  compared  to 
matched  controls,  nodules  subjects  display  reduced 
efficiency  of  respiratory  function  for  sp^h  pro¬ 
duction  by  operating  at  lung  volume  levels  which 
require  greater  muscular  effort.  Some  of  the 
nodules  subjects  also  tended  to  stop  at  inapf^- 
priate  (non-juncture)  points  within  sentences  to 
inhale  and  demonstrated  oppositional  chest  wedi 
displacements  after  the  initiation  of  exhalations. 

Modeling  of  Vocal  Fold  Vibration 

A  mathematical  model  of  vocal  fold  vibration  has 
been  developed  during  this  last  year.  We  started 
with  the  well  known  Ishizaka-Flanagan  two-mass 
model  of  the  vocal  folds.  The  physical  system  is 
described  mathematically  by  a  set  of  nonlinear  dif¬ 
ferential  equations  with  singular  coefficients  which 
represent  the  self-oscillating  voice  source  com¬ 
posed  of  two  stiffness-coupled  masses.  Also 
included  are  lumped  approximations  for  supra-  and 
sub-glottal  vocal-tract  loading  and  lip  radiation  char¬ 
acteristics.  The  fourth-order-Runge-Kutta  numerical 
method  for  solving  differential  equations  is  applied 
because  it  gives  more  precise  results  than  the  Euler 
method  used  in  Ishizaka  and  Flanagan's  original 
model. 

Treatment  Efficacy  Studies  of  Voice 
Therapy  Protocols 

Voice  therapy  protocols  for  use  in  our  proposed 
treatment  efficacy  studies  have  been  developed. 
The  protocols  include;  (1)  detailed  step-by-step  pro¬ 
cedures  for  each  behavioral  approach  being  used 
(vocal  hygiene,  direct  facilitation,  relaxation,  respira¬ 
tion,  carryover,  home  practice),  (2)  daiiy  behavioral 
charts  for  documenting  voice  use  outside  of  the 
therapy  sessions,  (3)  home  practice  records  (veri¬ 
fied  by  spot  checking  cassette  recordings  of  home 
practice  sessions),  (4)  response  charts  for  docu¬ 
menting  patient  performance  in  each  therapy 
session,  (5)  scales  for  clinician's  ratings  of  patients' 
motivation  and  vocal  status  at  each  ther^y 
session,  and  (6)  a  scale  for  patients'  self  evaluation 
of  their  vocai  status  at  each  therapy  session.  We 
have  completed  making  repeated  longitudinal 
recordings  under  this  protocol  win  one  patient  and 
are  progressing  with  severai  others.  Data  are  cur¬ 
rently  being  analyzed. 


Development  of  a  Muld-uaar  Reladonal 
Database 

Significant  progress  has  been  made  in  the  develop¬ 
ment  of  a  multi-user  relational  database  application 
("VoiceBase'^  which  will  provide  improved  capabili¬ 
ties  for  the  storage,  retrieval,  and  reporting  of 
subject  badtground  (history),  perceptual,  acoustic, 
aerodynamic,  electroglottographic,  and  vjdeosfrobo- 
scopic  project  data. 


1.4.4  Aiding  Dysarthric  Speakers 

We  have  been  collecting  data  on  the  speech  pat¬ 
terns  of  several  dysarthric  speakers.  One  objective 
of  this  research  is  to  develop  procedures  for  using 
speech  recognition  devices  to  augment  the  commu¬ 
nication  abilities  of  these  individuals.  The  speech 
of  each  speaker  is  evaluated  through  (1)  listening 
tests,  (2)  tests  with  a  speech  recognizer,  and  (3) 
acoustic  analysis  of  a  series  of  words  produced  by 
the  speaker.  An  outcome  of  this  evaluation  is  a 
description  of  attributes  of  vowels  and  consonants 
which  are  produced  adequately  and  consistently 
and  those  which  are  produced  in  a  distorted  or 
inconsistent  manner.  Each  of  the  speakers  who 
have  been  evaluated  show  somewhat  different  pat¬ 
terns  of  deficiencies,  but  there  are  some  common 
problems,  particularly  with  regard  to  fricative  and 
lateral  consonants  that  require  shaping  of  the 
tongue  blade.  These  kinds  of  evaluations  provide  a 
basis  for  selecting  words  that  are  likely  to  be  recog¬ 
nized  consistently  by  a  speech  recognizer. 


1.5  Speech  Production  Planning  and 
Prosody 

Our  work  in  speech  production  focuses  on  both 
segmental  and  prosodic  aspects  of  the  planning 
process  and  their  interaction.  To  make  these 
studies  possible,  we  are  continuing  the  develop¬ 
ment  of  a  prosodic  database  with  our  colleagues 
Mari  Ostendorf  of  Boston  University  and  Patti  Price 
of  Stanford  Research  Institute.  With  the  help  of 
students  in  the  Undergraduate  Research 
Opportunites  Program  at  MIT,  using  the  ToBI  tran¬ 
scription  system  recently  proposed,  we  have 
labeled  the  pitch  accents,  constituent  boundaries 
and  boundary  tone  markers  for  almost  one  hour  of 
FM  radio  news  style  speech  produced  by  two  pro¬ 
fessional  speakers.  The  resulting  database,  which 
also  includes  part-of-speech  labels  and  automatic 
phonetic  alignments  (10  percent  hand  corrected), 
will  be  made  available  to  the  speech  research  com¬ 
munity  through  the  Linguistics  Data  Consortium  at 
the  University  of  Pennsyivania.  We  are  partic¬ 
ipating  in  the  creation  of  an  online  training  hand- 
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book  tor  the  ToBI  transcription  system,  being 
prepared  at  Ohio  State  University,  which  includes 
audible  labeled  examples.  We  are  also  involved  in 
evaluating  the  reliability  of  the  system  across  30 
transcribers.  In  addition,  we  are  training  several 
new  transcribers,  who  will  then  participate  in  both 
the  ongoing  creation  of  the  FM  news  database  and 
the  lateling  of  utterances  containing  speech  errors 
in  the  new  MIT  Digitized  Speech  Error  Database 
(see  below). 

Using  the  FM  news  database,  we  have  carried  out 
three  studies  of  the  role  of  prosody  in  speech  plan¬ 
ning.  First,  we  found  that  the  apparent  stress  shift 
(in  which  the  first  syllable  of  late-main-stress  words 
like  "Massachusetts"  is  perceptually  more  prominent 
than  the  main  stress  syllable,  in  phrases  like  "the 
Massachusetts  senator")  often  results  from  the 
placement  of  a  early  prenuclear  pitch  accent  on  the 
first  accentable  syllable  of  a  new  intonational 
phrase  and  the  loss  of  pitch  accent  from  the  main- 
stress  syliable.  These  findings  suggest  that 
speakers  and  hearers  may  be  able  to  use  the 
occurrence  of  early  accent  within  the  word  as  a  cue 
to  the  onset  of  a  new  intonational  phrase.  Second, 
we  found  that  alternating-stress  words  (like  "Massa¬ 
chusetts"  and  "university")  are  pitch-accented  differ¬ 
ently  from  adjacent-stress  words  (like  "campaign" 
and  "Hongkong");  alternating-stress  words  are 
more  likely  to  be  double-accented  and  are  more 
reliably  early-accented  in  phrase-initial  contexts.  In 
addition,  both  intuitions  and  dictionary  markings  of 
the  placement  of  lexical  stress  are  less  consistent 
for  adjacent-stress  words.  These  results  suggest 
that  speakers  are  reluctant  to  place  pitch  accents 
on  adjacent  syllables  within  a  word,  just  as  they  are 
for  syllables  across  word  boundaries. 

Then  we  analyzed  the  occurrence  of  glottal  onset  in 
more  than  400  vowel-initial  syllables  and  found  that 
it  is  most  likely  to  occur  when  the  syllable  begins  an 
intonational  phrase  and/or  is  pitch  accented  (81 
percent,  versus  16  percent  for  non-phrase-initial, 
non-accented  syllables.)  The  pattern  of  phrase- 
initial  glottal  onsets  was  maintained  even  for  sylla¬ 
bles  which  begin  with  reduced  vowels,  which 
cannot  be  pitch  accented.  This  finding  suggests 
that  globalized  onset  of  these  syilables  may  provide 
a  useful  cue  to  the  beginning  of  an  intonational 
phrase.  Studies  are  currently  under  way  to  eval¬ 
uate  whether  phrase-initial  glottal  onsets  are  associ¬ 
ated  with  low  FO,  post-pausal  position  or  certain 
specific  segment  types. 

Finally,  we  are  developing  and  prosodically  labeling 
a  second  database  of  utterances  containing  seg¬ 
mental  and  word-level  speech  errors,  in  order  to 
investigate  prosodic  constraints  on  disfluencies. 
Error  utterances  are  being  harvested  from  a 
number  of  existing  digitized  speech  databases,  and 


prosodic  transcribers  are  being  trained  in  our  labo¬ 
ratory.  We  anticipate  being  able  to  label  and 
analyse  300-500  error  utterances  over  the  next 
year.  We  asked  the  questions  (1)  what  kinds  of 
error  corrections  speakers  mark  prosodically  and 
(2)  how  prosodic  factors  such  as  pitch-accent  prom¬ 
inence  and  constituent  boundaries  constrain  the 
pattern  of  segmental  and  morphemic  errors. 
Results  can  be  expected  to  shed  light  on  the  ques¬ 
tion  of  what  prosodic  representations  speakers 
employ  during  the  production  planning  process  and 
how  those  representations  guide  segmental  plan¬ 
ning. 


1.6  Models  for  Lexical  Representation 
and  Lexical  Access 

We  are  developing  a  model  for  lexical  access  in 
which  items  are  stored  in  the  lexicon  in  terms  of 
arrays  of  features,  and  procedures  for  estimating 
these  features  from  the  acoustic  signal  are  speci¬ 
fied.  The  estimation  of  feature  arrays  from  mea¬ 
surements  on  the  signal  proceeds  in  three  steps: 
(1)  detection  of  landmarks  in  the  signal  where  a 
major  articulator  forms  or  releases  a  narrow  con¬ 
striction  in  the  vocal  tract,  or  forms  a  minimum  or 
maximum  opening  for  a  consonant  or  vowel;  (2) 
making  acoustic  measurements  in  the  vicinity  of  the 
landmarks  to  estimate  the  articulator-free  and 
articulator-bound  features  being  implemented;  and 
(3)  organizing  the  feature  estimates  into  a  form  that 
can  be  used  to  match  against  a  feature-based 
lexicon.  During  the  past  year,  our  efforts  have 
been  directed  towards  detection  of  landmarks, 
developing  a  framework  for  estimating  landmarks, 
and  hand-labeling  a  database  of  sentences  in  terms 
of  landmarks  and  features,  for  testing  the  adequacy 
of  our  analysis  procedures. 


1.6.1  Identification  of  Landmarks 

Two  types  of  landmarks  are  created  by  the  forma¬ 
tion  of  a  narrow  consonantal  constriction  in  the 
vocal  tract.  For  one  type,  the  articulator  forming  the 
constriction  makes  a  complete  closure  in  the 
midline  of  the  vocal  tract,  whereas  for  the  other 
type,  the  closure  is  only  partial.  The  first  of  these  is 
further  subdivided  into  landmarks  where  there  is  no 
increase  or  decrease  in  intraoral  pressure  across 
the  landmark  (i.e.,  nasals  and  laterals),  and  where 
there  is  a  change  in  intraoral  pressure. 

The  detection  of  these  landmarks  is  accomplished 
by  examining  the  rate  of  change  of  energy  in  dif¬ 
ferent  frequency  bands.  The  bands  that  are 
selected,  the  averaging  time  for  determining  energy 
in  a  band,  and  the  time  increment  for  obtaining  a 
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first  difference  are  ali  adjusted  to  best  suit  the  type 
of  landmark  being  sought.  The  general  procedure 
is  to  first  scan  the  signal  with  fixed  fitters,  avers^ing 
times,  and  increments  in  order  to  make  an  initial 
selection  of  candidate  landmarks,  and  then  to 
examine  each  of  these  landmarks  with  a  more 
finely  tuned  set  of  measurements.  The  algorithms 
that  have  been  developed  miss  a  few  laridmarks, 
and  steps  are  being  taken  to  refine  the  ^orithms, 
including  the  measurement  of  time  variation  of  first- 
formant  prominences.  Procedures  for  detecting 
regions  of  minimum  vocal-tract  opening  for  glides 
are  examining  changes  in  low-frequency  amplitude 
and  looking  for  minima  in  first  formant  frequency 
coupled  with  extrema  in  other  formant  trajectories. 


1.6.2  Estimation  of  Features  Around 
Landmarks 

A  framework  is  being  developed  for  estimating  the 
features  involved  in  generating  a  given  landmark. 
The  acoustic  properties  that  must  be  measured  to 
provide  cues  for  some  features  are  relatively 
context-independent,  whereas  for  other  features  the 
properties  are  dependent  on  the  context  of  features 
that  co-occur  with  the  feature  or  that  are  associated 
with  adjacent  segments.  A  program  is  being  devel¬ 
oped  to  guide  the  set  of  context-dependent  mea¬ 
surements  that  are  required  to  estimate  a  feature. 
The  program  is  given  a  query  feature  (a  feature  to 
be  determined)  and  a  set  of  context  features,  and  it 
specifies  a  list  of  measurements  to  be  made  to 
determine  the  value  of  the  feature.  The  set  of  mea¬ 
surements  that  is  required  for  a  given  feature  is 
determined  in  part  from  theoretical  models  of 
speech  production  and  in  part  through  examination 
of  a  database  of  utterances.  They  include  mea¬ 
surements  of  formant  trajectories  near  landmarks, 
gross  spectrum  shape  and  its  variation  with  time, 
and  degree  of  spectrum  prominence.  The  program 
is  being  tested  for  a  limited  set  of  features  using 
some  databases,  including  one  under  development 
in  our  laboratory. 


1.6.3  Feature-labeled  Database 

Portions  of  database  of  100  sentences  spoken  by 
four  speakers  have  been  hand-labeled  to  indicate 
the  locations  of  landmarks,  and  the  features  being 
implemented  at  each  landmark  are  listed.  The 
feature  estimates  are  based  on  careful  acoustic 
analysis  of  the  sound  in  the  vicinity  of  each  land¬ 
mark  and  on  listening  to  segments  of  the  signal. 
This  labeled  database  is  to  be  used  for  two  pur¬ 
poses;  (1)  it  can  serve  as  a  stemdard  against  which 
various  algorithms  for  estimating  landmarks  and 


features  can  be  evaluated;  and  (2)  it  can  provide 
data  indicating  which  features  in  the  spoken  words 
in  context  differ  from  features  in  the  lexicon.  The 
second  of  these  uses  of  the  database  can  help  to 
guide  the  refining  of  rules  for  describing  modifica¬ 
tions  of  feature  patterns  that  occur  in  casual 
speech. 
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1.1  Introduction 

The  Sensory  Communication  Group  is  conducting 
research  on  (1)  the  auditory  and  tactual  senses,  (2) 
auditory,  visual,  and  tactual  aids  for  individuals  who 
are  hearing-impaired  or  deaf,  and  (3)  human- 
machine  interfaces  for  teleoperator  and  virtual- 
environment  systems  (involving  the  visual  as  well 
as  the  auditory  and  tactual  senses).  Within  the 
domain  of  hearing  aids,  research  is  being  con¬ 
ducted  on  systems  that  bypass  the  outer  and 
middle  ear  and  directly  stimulate  the  auditory  nerve 
electrically  (cochlear  prostheses),  as  well  as  on 
systems  that  stimulate  the  ears  acoustically.  The 
research  on  taction  is  focused  not  only  on  speech 
reception  for  the  totally  deaf,  but  also  on  the  ability 
of  the  human  hand  to  sense  and  manipulate  the 
environment.  Within  the  domain  of  human-machine 
interfaces,  topics  of  special  interest  concern  (1) 
development  of  principles  for  mapping  the  human 
sensorimotor  system  into  nonanthropomorphic  slave 
mechanisms  (or  the  equivalent  in  virtual  space)  and 
(2)  ability  of  the  human  sensorimotor  system  to 
adapt  to  alterations  of  normal  sensorimotor  loops 
caused  by  the  presence  of  the  interface. 


1.2  Hearing  Aid  Research 

Sponsor 

National  Institutes  of  Health 
Grant5R01  DC00117 

Project  Staff 

Professor  Louis  D.  Braida,  Lorraine  A.  Delhome, 
Dr.  Kenneth  W.  Grant,  Dr.  Christine  M.  Rankovic, 
Dr.  Charlotte  M.  Reed,  Dr.  Kaoru  Sekiyama,  Dr. 
Rosalie  M.  Uchanski,  Dr.  Patrick  M.  Zurek,  Bridget 
L.  Coffman,  Paul  Duchnowski,  Joseph  A.  Frisbie, 
Andrew  L.  Howe,  Michael  T.  Keagy,  Danielle  G. 
LeMay,  David  S.  Lum,  Gregory  R.  Martin,  Joseph 
A.  Maxwell,  Jason  Mueller,  Philip  P.  Nadeau, 
Matthew  H.  Power,  Diane  E.  Ronan,  Jennifer  A. 
Wozniak 

During  the  past  year,  our  research  on  hearing  aids 
has  focused  on  (1)  simulation  of  sensorineural 
hearing  impairment,  (2)  basic  studies  of  speech 
intelligibility,  (3)  speech  production  factors,  (4) 
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control  of  acoustic  feedback,  and  (5)  aids  to  spe¬ 
echreading. 

The  following  is  a  description  of  our  research  in 
these  areas. 


1.2.1  Simulation  of  Sensorineural  Hearing 
Impairment 

Our  previous  work  employed  noise  masking  to  sim- 
uiate  the  effects  of  hearing  loss.  Zurek  and 
Delhome,'  as  well  as  Humes  et  al.^  and  Dubno  and 
Schaefer, 3  found  good  agreement  between 
masked-normal  and  hearing-impaired  listeners' 
reception  of  consonants.  Together  with  other 
findings,^  these  results  support  the  view  that  the 
main  difficulty  in  speech  reception  comes  from 
audibility  restrictions,  as  opposed  to  suprathreshold 
disorders  as  suggested  by  others,^  at  least  for  lis¬ 
teners  with  mild  and  moderate  hearing  losses. 

While  noise  masking  provides  functionally  accurate 
simulations  of  hearing  impairment,  it  is 
phenomenologically  unrealistic*  and  can  be  used 
only  to  simulate  losses  of  less  than  roughly  70  dB 
because  of  the  intense  noise  levels  needed.  We 
have  developed  and  evaluated  an  alternate  tech¬ 
nique  based  on  multiband  expansion  amplification^ 
that  simulates  both  threshold  shift  and  recruitment 


without  the  use  of  masking  noise.  This  simulation,  a 
digitally-implemented  elaboration  of  Villchur's 
scheme,*  is  completely  specified  by  the  audiogram 
of  a  particular  hearing-impaired  listener  and  empir¬ 
ical  relations  specifying  the  steepness  of  the  recruit¬ 
ment  function  for  a  given  hearing  loss. 

In  initial  evaluations,  the  performance  of  two 
normai-hearing  sut^ects  listening  to  the  processed 
output  of  the  simulator  matched  fairly  well  the 
consonant-reception  scores  of  both  the  hearing- 
impaired  and  noise-masked  normal  listeners  who 
had  been  previously  tested  by  Zurek  and  Delhome.* 
in  more  extensive  evaluations,  the  performance  of 
each  of  three  severely  hearing-impaired  subjects 
on  consonant  and  sentence  intelligibility  tests  was 
compared  to  that  of  three  normal-hearing  subjects 
listening  through  the  simulator.  Generally,  the  simu¬ 
lation  reproduced  overall  intelligibility  scores  and 
error  patterns  for  individual  impaired  listeners  very 
well  when  the  frequency  response  was  flat.  When 
high-frequency  emphasis  placed  more  speech 
energy  above  threshold  at  high  frequencies,  the 
simulation  gave  better  intelligibility  than  observed 
for  two  of  the  three  impaired  listeners.  Overall,  this 
study  verified  the  equivalence  of  the  AGO  and 
noise  simulations,  explored  the  applicability  of  the 
AGO  simulation  for  severe  impairments,  and  identi¬ 
fied  frequency-specific  deficits  not  accounted  for  by 
audibility  and  recruitment  in  some  of  the  listeners. 


'  P.M.  Zurek  and  L.A.  Delhorne,  'Consonant  Reception  in  Noise  by  Listeners  with  Mild  and  Moderate  Hearing  Impairment,’  J.  Acoust 
Soc.  Am.  82;  1548-1559  (1987). 

2  L.E.  Humes,  'An  Evaluation  of  Several  Rationales  for  Selecting  Hearing  Aid  Gain,*  J.  Speech  Hear.  Res.  51 :  272-281  (19&. 

3  J.R.  Dubno  and  A.B.  Schaefer,  'Comparison  of  Frequency  Selectivity  and  Consonarrt  Recognition  Among  Hearing-impaired  and 
Masked  Normal-hearing  Listeners,'  J.  Acoust.  Soc.  Am.  91: 2110-2121  (1992). 

*  J.R.  Dubno  and  D.D.  Dirks,  'Factors  Affecting  Performance  on  Psychoacoustic  arxf  Speech-recognition  Tasks  in  the  Presence  of 
Hearing  Loss,*  in  Acoustical  Factors  Affecting  Hearing  Aid  Performance  11,  eds.  G.A.  Studebaker  aifo  I.  Hochberg  (Boston:  Allyn  and 
Bacon,  1993). 

3  R.  Plomp,  'Auditory  Handicap  of  Hearing  Impairment  and  the  Limited  Benefit  of  Hearing  Aids,'  J.  Acoust.  Soc.  Am.  63:  533-549 
(1978);  B.P.  Glasberg  and  B.C.J.  Moore,  'Psychoacoustic  Abilities  of  Subjects  with  Unilateral  and  Bilateral  Cochlear  Hearing  Impair¬ 
ments  and  Their  Relationship  to  the  Ability  to  Understand  Speech,'  Scand.  Audiol.  Suppl.  32: 1-25  (1989). 

3  D.P.  Philips,  'Stimulus  Intensity  and  Loudness  Recruitment:  Neural  Correlates,'  J.  Acoust.  Soc.  Am.  82: 1-12  (1987). 

2  P.M.  Duchnowski,  Simulation  of  Sensorineural  Hearing  Impairment.  S.M.  thesis.  Dept,  of  Electr.  Eng.  and  Comput.  Sci.,  MIT,  1989; 
P.M.  Duchnowski  and  P.M.  Zurek,  'Villchur  Revisited;  Another  Look  at  AGC  Simulation  of  Recruiting  Hearing  Loss,'  submitted  to  J. 
Acoust.  Soc.  Am. 

8  E.  Villchur,  'Electronic  Models  to  Simulate  the  Effect  of  Sensory  Distortions  on  Speech  Perception  by  the  Deaf,'  J.  Acoust  Soc.  Am. 
62;  665-674  (1977). 

9  P.M.  Zurek  and  L.A.  Delhorne,  'Consonant  Receplfon  in  Noise  by  Listeners  with  Mild  and  Moderate  Hearing  Impairment,'  J.  Acoust. 
Soc.  Am.  82: 1548-1559  (1987). 
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1^.2  Basic  Studies  of  Speech  Intelligibility 

Although  many  current  theories  of  speech  percep¬ 
tion  assume  that  the  perception  of  speech  elements 
involves  accurate  cross-spectral  comparisons, 
studies  of  spectral  shape  perception  have  revealed 
limits  on  our  ability  to  make  such  comparisons.  To 
gain  insight  into  the  role  of  cross-spectral  compar¬ 
isons  in  speech  perception,  we  are  studying  the 
ability  of  normal-hearing  listeners  to  combine  cues 
across  frequency  bands  when  identifying  speech 
segments.  This  research  involves  both  speech  iden¬ 
tification  experiments  and  analysis  of  the  results  of 
these  experiments  using  the  pre-labeling  and  post- 
labeiing  models'°  that  were  initially  applied  to 
studies  of  audiovisual  integration. 

When  bands  arising  from  lowpass  and  highpass  fil¬ 
tering  of  consonants  are  considered,"  the  situation 
is  similar  to  the  audiovisual  case:  the  pre-labeling 
modeis  gives  a  good  account  of  the  combined  band 
(i.e.,  wideband)  score,  whiie  the  post-iabeling  model 
underestimates  it.  To  evaiuate  the  modeis'  abilities 
to  predict  cross  frequency-band  integration,  we 
undertook  a  series  of  consonant-identification 
experiments  in  which  the  stimuii  were  fiitered  into 
disjoint  bands,  which  were  presented  both  individ- 
uaiiy  and  in  various  combinations.  In  the  first  exper¬ 
iment,  the  stimuii  were  CV  syilables,  the  bands 
were  (A)  0-0.7,  (B)  0.7-1 .4,  and  (C)  1. 4-2.8  kHz, 
and  the  combined  bands  were  A+B  and  A+C. 
Bands  were  combined  both  dioticaily  and 
dichoticaliy  to  evaluate  peripheral  interference 
effects.  In  the  second  experiment,  the  stimuli  were 
CVC  syllables,  the  bands  were  (A)  0.1 -1.4,  (B) 
1. 4-2.1,  (C)  2.1 -2.8,  and  (D)  2.8-5.5  kHz,  and  the 
combined  bands  (diotic  presentation  only)  were  all 
15  combinations  of  the  individual  bands. 

In  each  experiment  a  group  of  five  young  adult  lis¬ 
teners  with  normal  hearing  was  tested.  We  derived 
predictions  for  the  identification  score  in  the 
combined-band  conditions  based  on  performance  in 
the  single-band  conditions  using  the  following 
approaches:  (1)  the  ANSI  20-band  Al  calculation 
procedure,"*  (2)  the  ANSI  one-third  octave  Al  calcu¬ 
lation  procedure:  (3)  Fletcher's  rule  in  which  the 


error  probability  for  combined  bands  is  the  product 
of  the  error  probabilities  for  the  individual  ba^;  (4) 
Fletcher's  njle  applied  to  individual  consonants 
rather  than  the  overall  score;  (5)  the  fuzzy  logical 
model  of  perception;'*  (6)  the  pre-labeling  model; 
and  (7)  the  post-labeling  model. 

Results  from  the  CV  experiment  indicate  that  the 
score  in  the  combined  band  condition  was  generally 
only  slightly  greater  than  the  higher  score  obtained 
for  the  two  constituent  bands.  This  result  is  incon¬ 
sistent  with  predictions  based  on  the  articulation 
index.  The  predictions  of  the  post-iabeling  model 
are  closest  to  observed  scores,  and  are  statistically 
indistinguishable  from  the  data  in  roughly  half  the 
cases.  The  other  models  generally  overestimate 
performance  in  the  combined-band  conditions. 
Scores  for  one  listener  were  lower  in  the  two  diotic 
combined-band  conditions  than  for  the  better  con¬ 
stituent  band,  but  were  greater  in  the  dichotic 
combined-band  conditions,  suggesting  that  periph¬ 
eral  interference  may  have  occurred  in  the  diotic 
condition. 

Overall  scores  in  the  CVC  experiment  are  fairly  well 
predicted  by  the  Articulation  Index  calculation,  and 
all  of  the  rules  considered  except  the  post-labeling 
model,  which  tended  to  underestimate  scores  in  the 
combined-band  conditions.  The  other  models  pre¬ 
dicted  overall  scores  satisfactorily  in  five  to  seven  of 
ten  possible  cases:  (five  subjects,  initial  and  final 
consonants).  When  identification  scores  for  indi¬ 
vidual  consonants  are  considered,  the  Fletcher  Rule 
applied  to  individual  consonants  and  the  pre¬ 
labeling  model  gave  the  closest  predictions. 

Although  the  results  of  these  two  experiments 
suggest  that  different  integration  mechanisms  may 
apply  to  low-  and  high-frequency  bands  of  speech, 
they  are  consistent  with  respect  to  the  (lack  of) 
need  for  explicit  cross-spectral  comparisons  in  con¬ 
sonant  identification.  Identification  scores  for  com¬ 
binations  of  bands  generally  can  be  adequately 
accounted  for  without  requiring  such  comparison 
mechanisms. 

We  have  recently  developed  an  automatic  speech 
recognition  system  for  use  in  studies  of  across- 
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band  integration  phenomena.'*  The  system  identi¬ 
fies  speech  sounds  by  combining  estimates  made 
in  each  of  four  non-overlapping  frequency  bands. 
Each  of  the  four  sub-recognizers  used  in  this 
scheme  is  a  conventional  Hidden  Markov  Model 
system  that  operates  upon  a  simpler  signal  than 
wideband  speech.  The  processing  required  for 
recognition  is  thus  potentially  less  complicated  than 
in  conventional  recognizers  because  only  a  rela¬ 
tively  narrow  spectral  region  need  be  represented 
for  each  recognizer,  and  the  training  required  may 
be  substantially  reduced.  The  bands  used  in  the 
initial  implementation  were  0.0-0.7,  0.7-1. 4,  1. 4-2.8, 
and  2.8-5.0  kHz.  The  bandpass  signal  characteriza¬ 
tions  studied  included  cepstral,  LPC,  and  autocor¬ 
relation  coefficients,  with  both  static  parameter 
values  and  time-differences  used  to  represent  the 
signals.  Integration  across  frequency  bands  was 
accomplished  by  estimating  the  joint  distribution  of 
band  estimates  for  each  speech  sound.  Five 
methods  were  evaluated;  statistical  independence, 
pairwise  independence,  log-linear  modeling, 
pseud  bayseian  modeling,  and  occurrence- 
weighted  interpolation.  The  highest  recognition 
accuracy  (58.5  percent  correct  recognition  of  39 
speech  sounds  in  continuous  speech  spoken  by  a 
large  number  of  talkers  in  the  TIMIT  database)  was 
achieved  using  the  Cepstral  representation  and  the 
Occurrence-Weighted  Interpolation  combination 
method.  Comparable  results  obtained  by  more  con¬ 
ventional  recognizers  that  operate  on  wideband 
speech  range  from  55  percent'®  to  64  percent.'* 
While  the  results  obtained  thus  far  using  the  four- 
band  system  are  only  comparable  to  those  for  con¬ 
ventional  systems,  they  are  nevertheless  highly 
encouraging,  given  the  relatively  early  state  of 
development  of  the  approach.  In  addition,  they  are 
consistent  with  the  results  of  our  perceptual  studies. 
The  speech  sounds  of  English  (incluc'^ng  both  con¬ 


sonants  and  vowels)  can  be  recognized  with  high 
accuracy  in  running  speech  without  relying  heavily 
on  cross-spectral  comparisons. 

We  have  recently  completed  our  preliminary  investi¬ 
gation"*  of  a  new  computational  approach  for  deter¬ 
mining  the  intelligibility  of  speech  subjected  to 
waveform  degradations  or  signal-processing  trans¬ 
formations.  The  approach  incorporates  a  model  of 
the  human  auditory  system  that  derives  a  sequence 
of  discrete  symbols  from  the  speech  waveform. 
Each  symbol  represents  a  prototypical  vector  of 
parameter  values  characteristic  of  the  short-term 
spectrum  measured  in  a  single  frame  (10  ms)  of 
speech.  The  perceptual  effect  of  the  degradation  is 
estimated  by  assessing  the  consistency  between 
the  symbol  sequence  derived  from  an  untrans¬ 
formed  (input)  speech  signal  and  that  derived  from 
a  transformed  (output)  signal.  This  is  implemented 
via  calculation  of  percent  transmitted  information 
(PTI),  hypothesized  to  be  monotonically  related  to 
intelligibility  for  a  given  auditory  model,  listener,  and 
speech  test.  Two  computational  models  of  auditory 
system  function  were  studied;  one  (CBL)  based  on 
critical-band  levels'*  and  the  other  (EIH)  based  on 
the  ensemble  interval  histogram  representation'*  of 
auditory  nenre  firing  patterns.  Degradations  studied 
thus  far  include  linear  filtering  and  additive  noise, 
whose  effects  on  speech  intelligibility  are  relatively 
well  understood.  For  both  the  CBL  and  EIH 
models,  PTI  decreases  monotonically  as  the 
severity  of  filtering  or  level  of  additive  noise  is 
increased.  Since  intelligibility  is  assumed  to  be 
monotonically  related  to  PTI,  the  crossover  fre¬ 
quency  (equal  PTI  for  highpass  and  lowpass  fil¬ 
tering)  and  the  value  of  S/N  which  yields  the  PTI  at 
the  crossover  frequency,  characterize  the  perfor¬ 
mance  of  the  aud'^ory  models.  For  the  CBL  model, 
a  PTI  of  55  percent  is  achieved  at  a  crossover  fre- 
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quency  of  1600  Hz  and  also  for  S/N  «  -f  23  d6.  For 
the  EIH  model,  a  PTI  of  40  percent  is  achieved  at  a 
crossover  frequency  of  1 000  Hz  and  also  for  a  S/N 
-  +10  dB.  Thus,  neither  the  CBL  nor  the  EIH 
model  provides  completely  satisfactory  accounts  of 
the  dependence  of  inteiligibility  on  the  degradations 
considered.  The  CBL  mt^ei  predictions  were  much 
more  sensitive  to  the  effects  of  noise,  and  EiH  pre¬ 
dictions  to  those  of  highpass  filtering. 


1.2.3  Clear  Speech 

Sentences  spoken  clearly  are  more  intelligible  than 
those  spoken  conversationally  for  (1)  hearing 
impaired  listeners  in  a  quiet  background,*  (2) 
normal-hearing  listeners  in  a  noisy  background,^' 
and  (3)  both  normal-hearing  and  hearing-impaired 
listeners  in  reverberant  and  noisy-reverberant  back¬ 
grounds.*  In  a  recent  study  of  normal-hearing  lis¬ 
teners  we  tested  the  interaction  between  three 
distortions  multiplicative  noise;*  500  Hz  lowpass  fil¬ 
tering;  and  reverberation  with  speaking  rate  on 
intelligibility.  We  used  two  sets  of  materials  Clarke 
sentences*  and  Harvard  sentences*  which  were 
recorded  by  two  teachers  of  the  deaf  as  part  of  our 
study  of  manual  cued  speech.*  Each  type  of  mate¬ 
rial  was  spoken  both  while  the  teachers  produo^d 
manual  cues  (speaking  rate  of  100  wpm)  and  wniie 
not  producing  clues  (150  wpm).  This  difference  in 
speaking  rates  is  only  about  half  that  between  clear 
and  conversational  speech,  and  little  exaggeration 
of  articulation  is  evident  in  the  speech  produced 
while  cueing.  Roughly  equal  intelligibility  test  scores 
were  obtained  for  the  two  speaking  rates  for  all 
conditions  with  the  exception  that  the  IEEE  sen¬ 


tences  were  less  affected  by  reverberation  at  the 
slower  speaking  rate  than  at  the  faster  one.  These 
results  suggest  that  there  may  be  an  interaction 
between  speaking  style  and  type  of  distortion  on 
the  intelligibility  advantage  associated  with  speaking 
clearly.  Such  an  interaction  should  aid  greatly  in 
identifying  the  factors  responsible  for  the  difference 
in  intelligibility  between  various  speaking  styles. 


1.2.4  Control  of  Acoustic  Feedback 

Acoustic  feedback  imposes  a  limit  on  hearing  aid 
gain  that  can  result  in  low-level  signals  not  being 
amplified  to  reach  audibility.  Although  several  tech¬ 
niques  for  reducing  feedback  have  been  proposed 
recently,  evaluations  of  these  techniques  have  been 
limited  to  measurements  of  the  increase  in  stable 
gain  that  can  be  achieved;  signal  distortions  intro¬ 
duced  by  the  processing  have  not  been  considered, 
and  measurement  conditions  have  differed  from 
study  to  study.  We  have  implemented  the  most 
promising  signal  processing  techniques  and  com¬ 
pared  them  not  only  for  stable  gain  but  also  for  their 
effects  on  sound  quality  and  annoyance.  In  the 
process,  we  have  developed  a  novel  technique  for 
reducing  the  effects  of  fe^back.* 

The  five  feedback-reduction  algorithms  examined 
were  an  adaptive  notch  filter  and  four  variants  of 
adaptive  cancellation.  The  adaptive  notch  method 
has  been  proposed  previously  for  use  in  public- 
address  systems  but  has  not  toen  evaluated  in  the 
hearing  aid  application,  though  it  has  been  used  in 
an  algorithm  for  detecting  oscillation.®  The  adaptive 
cancellation  methods  have  in  common  the  goal  of 
estimating  the  feedback  path  in  order  to  cancel  it 
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with  another  out-of-phase  feedback  path.  In  the 
systems  described  by  Bustamante  et  al.”  and 
Engebretsen  et  al.  ^  the  adaptation  takes  place 
continuously.  Kates'  approach  differs  in  that  the 
system  monitors  the  signal  for  oscillation  and,  if 
detected,  interrupts  the  main  signal  path  and 
inserts  a  probe  noise  for  feedback-path 
estimation.^  The  fifth  system^^  also  interrupts  the 
signal,  but  it  does  so  not  only  when  oscillation  is 
detected,  but  also  during  selected  time  intervals 
when  the  input  signal  is  estimated  to  be  low.  This 
approach  of  quiet-interval  adaptation  has  four  clear 
advantages:  (1)  it  provides  better  cancellation 
because  the  misadjustment  caused  by  the  input 
signal  is  minimized;  (2)  it  provides  a  quasi- 
continuous,  but  stable,  tracking  of  changes  in  the 
feedback  path;  (3)  it  achieves  cancellation  with 
minimal  disturbance  to  the  signal;  and  (4)  minimal 
levels  of  probe  noise  are  required. 

All  five  methods  were  implemented  in  real  time  with 
a  Motorola  DSP96002  DSP  and  evaluated  for 
increased  stable  gain  (measured  physically)  and 
speech  quality  (measured  by  subjective  ratings). 
Acoustic  feedback  paths  (two  static  and  one  time- 
varying)  were  simulated  electrically.  Results 
show^  the  following:  First,  a  single  adaptive  notch 
can  be  effective,  but  only  if  the  feedback  is  confined 
to  a  single  frequency  region  that  is  narrower  than 
the  notch  width.  Second,  the  continuously-adapting 
systems  of  Bustamante  et  al.^  and  Engebretson  et 
al.^  and,  as  far  as  we  can  determine,  the  system 


described  by  Oyriund  and  Bisgaard,^  which  is  now 
available  in  commercial  hearing  aids,  are  inherently 
unstable.  This  instability  manifests  as  bursts  and 
warbling  distortions  that  can  be  minimized  only  at 
the  expense  of  degree  of  cancellation.  Third,  the 
noncontinuously  adapting  systems  and  the  quiet- 
interval  system"  perform  equivalantly  only  under 
static,  quiet  conditions.  When  the  feedback  path 
changes  and/or  when  adaptation  occurs  in  the  pres¬ 
ence  of  speech,  the  advantages  of  the  quiet-inten/al 
method  are  apparent.  Overall,  the  quiet-interval 
system,  by  providing  maximal  feedback  cancellation 
with  minimal  disturbance  to  the  user,  represents  a 
substantial  advance  over  the  other  techniques. 


1.2.5  Aids  to  Speechreading 

During  the  past  grant  year,  our  research  on  aids  to 
speechreading  focused  the  development  of  low 
bandwidth  acoustic  signals  that  enhance  speech¬ 
reading  for  listeners  with  severe  hearing  impair¬ 
ments.  One  class  of  such  signals  consists  of  tones 
that  are  amplitude  modulated  by  the  envelopes  of 
filtered  bands  of  speech.  These  signals  have  been 
shown  to  be  effective  supplements  to  speech¬ 
reading  by  normal-hearing  listeners."  However, 
when  the  center  frequency  of  the  carrier  bands  is 
lowered  to  match  the  residual  hearing  of  listeners 
with  severe  high-frequency  loss,  the  signals  no 
longer  successfully  supplement  speechreading.^^  A 
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second  class  of  low-bandwidth  supplements  con¬ 
sists  of  tones  that  are  modulated  in  frequency  by 
estimates  of  the  time-varying  fundamental  fre¬ 
quency  of  the  speech  signal  and  modulated  in 
amplitude  by  the  broadband  speech  envelope. 

Takeuchi  and  Braida^  used  a  match-to-sample  task 
to  study  the  effect  of  a  spectrally  remote  amplitude- 
modulated  signal  on  the  ability  of  listeners  to 
compare  two  patterns  of  amplitude  modulation  in 
the  presence  of  a  distractor.  Discrimination  perfor¬ 
mance  was  measured  as  a  function  of  the  corre¬ 
lation  between  the  envelopes  of  the  comparison 
and  distractor  signals  and  difference  between  the 
carrier  frequencies  used  to  convey  these  envel¬ 
opes.  Although  there  are  some  differences  across 
listeners,  the  addition  of  a  distractor,  even  if  it  was 
spectrally  remote  from  the  comparison  signal, 
degraded  discrimination.  The  degree  of  interfer¬ 
ence  tended  to  increase  as  the  degree  of  corre¬ 
lation  between  comparison  and  distractor  envelopes 
decreased.  Performance  on  conditions  with  small 
carrier-frequency  shifts  between  the  comparison 
and  distractor  signals  was  generally  worse  than  on 
conditions  with  wide  spacing.  When  the  comparison 
was  higher  in  frequency  than  the  distractor,  there 
was  a  larger  effect  of  frequency  spacing  than  when 
the  comparison  was  lower  than  the  distractor. 
These  results  suggest  that  there  may  be  some 
impairment  to  the  perception  of  the  envelopes  of 
individual  speech  bands  when  an  additional  band  is 
presented  simultaneously.  Since  this  impairment  is 
somewhat  greater  when  the  bands  are  closely 
spaced  in  frequency,  hearing-impaired  listeners  with 
reduced  frequency  selectivity  may  be  more  affected 
by  the  simultaneous  presentation  of  multiple  bands 
than  listeners  with  normal  hearing.  It  is  noteworthy, 
however,  that  even  on  the  conditions  that  produced 
the  most  impairment,  performance  generally  did  not 
fall  below  70  percent  of  the  level  with  no  added 
signal. 

An  alternative  acoustic  signal  that  has  been  pro¬ 
posed  as  a  speechreading  supplement  is  based  on 
conveying  the  voice  fundamental  frequency  (FO) 
and  the  amplitude  envelope  of  the  broadband 
speech  waveform.  For  research  purposes,  this 
signal  can  be  based  on  accelerometer  measure¬ 
ments  of  glottal  vibrations  and  pressure-microphone 


measurements  of  the  acoustic  speech  signal.  To 
compare  the  effectiveness  of  such  sup^ements 
with  those  based  on  the  envelopes  of  bands  of 
speech,  we  have  developed  a  system  capable  of 
synthesizing  a  sinusoidal  waveform  whose  ampli¬ 
tude  is  controlled  by  the  envelope  of  the  speech 
waveform  and  whose  frequency  is  controlled  by  the 
variation  in  glottal-pulse  periods.^  Since  the  system 
is  implemented  in  software  on  a  real-time  signal 
processor,  both  the  mapping  from  speech  envelope 
amplitude  to  sinusoidal  amplitude  and  the  mapping 
from  glottal  pulse  amplitude  to  tone  frequency  can 
be  specified  flexibly  to  accommodate  the  hearing 
loss  and  reduced  dynamic  range  of  impaired  lis¬ 
teners."  Using  a  system-produced  supplement  that 
incorporates  only  frequency  modulation  with  a  linear 
mapping  of  FO  to  tone  frequency,  five  relatively 
untrain^  listeners  with  normal  hearing  showed 
improved  scores  for  word  recognition  in  sentence 
context  (Clarke  Sentences)*'  from  20  to  39  percent, 
roughly  comparable  to  the  benefit  expected  from  a 
fixed-frequency  tone  amplitude  modulated  by  the 
envelope  of  an  octave  band  of  speech. 
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1.3  Cochlear  Prostheses 

Sponsor 

National  Institutes  of  Health 
Contract  2  P01  DC00361« 

Pro|ect  Staff 

Professor  Louis  D.  Braida,  Lorraine  A.  Delhome, 
Dr.  Donald  K.  Eddington,  Dr.  William  M.  Rabinowitz 

The  development  of  cochlear  prostheses  is  directed 
at  aiding  individuals  with  profound  sensorineural 
deafness  who  are  unable  to  derive  useful  benefits 
from  acoustic  input  to  the  ear.  The  prosthesis 
bypasses  the  impaired  acoustic  tranduction  mech¬ 
anism  and  directly  stimulates  sunriving  auditory 
nenre  fibers  with  currents  delivered  via  an  electrode 
array  implanted  within  the  cochlea.  The  overall 


goals  of  our  research  are  to  understand  the  mech¬ 
anisms  responsible  for  the  improved  hearing  pro¬ 
vided  by  these  prostheses  and  to  explok  this 
understanding  for  the  development  of  improved 
systems.  Our  program  makes  use  of  a  dedicated 
group  of  postlingually  deafened  adults  implanted 
with  a  multichannel  cochlear  prosthesis  (ineraid, 
Richards  Medical  Corporation),  who  participate  in 
intensive  muKifactorial  studies.  Our  research  capi¬ 
talizes  on  having  direct  accessibility  to  the 
implanted  electrode  array  through  a  percutaneous 
connector. 

During  the  past  year,  work  has  involved  (1)  analysis 
of  cue  integration  in  audiovisual  speech  reception, 
(2)  acoustic  simulations  of  cochlear-implant  speech 
reception,  and  (3)  alternative  speech  processing  for 
improved  implant  performance.  The  work  in  (3)  is 
performed  with  Joseph  Tierney  anti  Marc  Zissman; 
progress  is  described  in  part  5,  section  3,  chapter 
1,  section  1.7.3. 

The  work  on  audiovisual  integration  assesses  the 
ability  of  an  implantee  to  combine  cues  that  are 
available  from  separately  using  vision  and  audition. 
Because  most  implantees  require  audiovisuai  input 
for  reliable  communication,  analysis  of  integration  is 
of  particular  significance. 

A  series  of  experiments  on  audiovisual  integration 
were  continued.  Closed-set  kJentificatton  for  a  set 
of  ten  vowels,  a  set  of  the  12  most  frequently 
occurring  consonants,  and  the  full  set  of  24  conso¬ 
nants  is  being  tested.  The  vowels  are  tested  in  a 
medial  position,  within  nonsense  /b/-V-/d/  syllables; 
the  consonants  are  tested  in  initial  position,  within 
nonsense  C1-/a/-C2  syllables.  Stimuli  are  from  a 
single  female  talker,  with  multiple  tokens  for  each 
stimulus,  and  are  presented  through  a  computer- 
controlled  videodisc.  Results  are  being  obtained 
using  vision  alone,  audio  (the  implant)  alone,  and 
audiovisually.  Most  subjects  have  completed  the 
ten-vowel  and  12-consonant  tests.  The 
24-consonant  tests  require  considerably  more  trials 
for  reliable  estimates  of  confusion  patterns  for  each 
of  the  three  test  modes;  these  tests  are  in  varying 
states  of  completion  for  the  subjects.  Analyses  to 
determine  the  quantitative  efficiency  of  audiovisual 
integration  are  underway.  These  analyses  exploit 
an  analytical  framework*^  that  quantifies  how  perfor¬ 
mance  in  a  combined  mode  (e.g.,  audiovisual  stim¬ 
ulation)  is  influenced  by  integration  or  interference 
of  cues  available  in  the  isolated  component  modes 
(e.g.,  audio  and  visual  stimulation  alone). 


42  Subcontract  from  Massachusetts  Eye  and  Ear  Infirmary.  Dr.  Joseph  B.  Nadol,  M.D.,  Prindpal  Investigator. 

43  L.D.  Braida,  'Crossmodal  Integration  in  the  Identification  of  Consonant  Segments,'  Quart.  J.  Exp.  Psychol.  43A:  647-677  (1990). 
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The  work  in  acoustic  simulations  is  designed  to  test 
our  understanding  of  the  cues  that  implantees 
receive  when  using  the  prosthesis  alone.  Speech 
is  processed  to  remove  specific  details  and  the 
resulting  waveform  serves  as  a  new  sound  input  for 
speech  testing.  Insofar  as  an  impiantee's  speech 
reception  is  unchanged,  the  details  that  were 
removed  must  have  been  either  unimportant  for 
spe^  reception  or  were  not  being  received  by  the 
subject. 

Several  lines  of  evidence  suggest  that  Ineraid  users 
perceive  information  about  the  fine  structure  of  the 
speech  waveform  only  up  to  a  limited  frequency, 
roughly  300  to  1000  Hz  depending  upon  the 
subject.  Information  about  higher  frequency  wave¬ 
form  components  is  mediate  principally  by  the 
envelopes  of  the  bandpass  signals  that  are  deliv¬ 
ered  to  the  electrodes.  To  test  this  hypothesis 
directly,  experiments  have  begun  in  which  the 
signals  normally  delivered  to  the  three  upper  chan¬ 
nels  of  the  implant  are  replaced  by  their  envelopes 
modulating  tones  at  the  respective  center  frequen¬ 
cies  of  the  bands.  The  low  frequenr^  portion  of  the 
spectrum  (0  to  500  Hz)  was  unmodifi^.  The  modi¬ 
fied  system  has  been  tested  with  a  single  subject 
who  exhibits  exceptionally  good  performance  with 
his  normal  system  (87  percent-correct  on 
12-consonant  identification  and  49  percent-correct 
on  whole-word  identification).  His  performance  with 
the  modified  system  was  72  and  26  percent-correct 
on  the  consonant  and  word  tests,  respectively. 
These  scores  are  below  his  normal  performance, 
but  they  are  remarkably  good,  exceeding  that  of  the 
average  implantee  using  the  normal  system  (about 
55  percent  on  consonants  and  15  percent  on 
words).^  Performance  that  was  much  worse  (14 
percent  on  consonants)  was  obtained  with  this 
same  subject  when  the  three  upper-band  signals 
were  removed,  and  only  the  lowp^  speech  (0  to 
500  Hz)  was  presented.  These  results  indicate  that 
the  three  upper-band  envelope  signals  can  provide 
spectral-shape  information  that  is  very  useful  and 
that  continued  study  with  this  processing  model 
would  be  fruitful. 


1.4  Tactile  Communication  of  Speech 

Sponsor 

National  Institutes  of  Health 
Grant  5  R01  DC00126 

Project  Staff 

Dr.  Charlotte  M.  Reed,  Gerald  L  Beauregard, 
Lorraine  A.  Delhorne,  Gail  Denesvich,  Nathaniel  I. 
Durtach,  Ashanthi  Gajaweera,  Irene  Kotok,  Charlie 
Pan,  Geoffrey  L.  Plant,  Dr.  William  M.  Rabinowitz, 
Dr.  Mandayam  A.  Srinivasan,  hlong  Z.  Tan.  Andrew 
Ugarov 

The  ultimate  goal  of  this  research  is  to  develop 
tactual  aids  for  the  deaf  and  deaf-blind  that  can 
serve  as  substitutes  for  hearing  in  speech  commu¬ 
nication.  The  objectives  and  specific  aims  of  our 
research  are  as  foilows: 

1.  Basic  study  of  encoding  and  display  schemes 
to  develop  methods  of  displaying  acoustic 
signals  to  the  tactual  sense  for  optimal  informa¬ 
tion  transfer. 

2.  Research  on  tactual  systems  designed  specif¬ 
ically  to  aid  speechreading,  including  systems 
based  on  both  acoustic  and  articulatory-based 
signal  processing. 

3.  Evaluations  of  experienced  deaf  users  of  port¬ 
able,  wearable  tactual  aids  to  determine 
improvements  to  speech  reception  provided  by 
these  aids  and  to  compare  this  performance  to 
that  of  users  of  other  types  of  auditory 
prostheses. 


1.4.1  Basic  Study  of  Encoding  and  Dispiay 
Schemes 

During  the  current  year,  work  has  been  conducted 
on  five  projects  concerned  with  increased  under¬ 
standing  of  the  proprioceptive/kinesthetic  as  well  as 
the  cutaneous  sensory  system  of  the  hand. 


**  W.M.  Rabinowttz,  O.K.  Eddington,  LA.  Dettiome,  and  P.A.  Cunao,  'Ralations  Among  Diflaront  Maasuras  of  Spaach  Raoaptton  in 
Sut^acta  Using  a  Cochlaar  implant,*  J.  Aooust.  Soc.  Am.  92: 1869-1881  (1992). 


375 


Chapter  1 .  Sensory  Communication 


Amplitude  and  Frequency  Resolution  for 
Motional  Stimulation 

This  study  is  concerned  with  characterizing  psycho¬ 
physical  performance  for  low-frequency  (1-32  Hz), 
high-ampiitude  (up  to  2  cm)  signals  delivered  to  the 
fingerpad  using  a  position-controlled  servomotor. 
Measurements  of  amplitude  discrimination  have 
been  obtained  on  three  subjects  as  a  function  of 
frequency  for  several  values  of  reference  displace¬ 
ment  and  stimulus  duration.  The  amplitude  jnd 
(which  is  roughly  independent  of  duration  in  the 
range  of  250-1000  msec)  appears  to  decrease 
slightly  (from  roughly  1.1  to  0.6  dB)  as  frequency 
increases  from  2  to  32  Hz.  The  value  obtained  at 
32  Hz  is  similar  to  results  reported  in  the  literature 
for  vibrational  frequencies.  Measurements  of  fre¬ 
quency  discrimination  are  complicated  at  very  low 
frequencies  by  the  fact  that  durational  differences, 
as  well  as  fr^uency  differences,  can  be  used  as  a 
cue  for  discriminating  F  and  F+  AF.  To  limit  perfor¬ 
mance  solely  to  frequency  cues,  the  overall  dura¬ 
tion  of  the  reference  and  comparison  stimuli  are 
being  randomized  within  a  run  of  trials.  Preliminary 
results  for  frequency  discrimination  indicate  that,  for 
d'=1,  Af/f  is  roughly  0.1  across  the  frequency  range 
4-16  Hz.  The  difference  limen  reported  in  the  litera¬ 
ture  for  frequencies  in  the  range  30-200  Hz 
increases  with  frequency  from  roughiy  0.3  to  0.5. 
Thus,  frequency  discrimination  at  very  iow  frequen¬ 
cies  appears  to  be  somewhat  better  than  at  the 
higher  frequencies. 

Tactual  Reception  of  Morse  Code 
Sequences 

This  study,  which  employs  the  same  motion- 
stimulation  device  as  described  above,  is  con¬ 
cerned  with  the  tactuai  reception  of  Morse  Code  in 
subjects  who  are  either  highiy  skiiied  or  naive  in  the 
sending/receiving  of  Morse  Code.  Computer¬ 
generated  sequences  of  Morse  Code  are  deiivered 
to  the  fingertip  using  high-amplitude  square-wave 
stimuiation.  Reception  ability  is  being  studied  as  a 
function  of  the  ratu  of  presentation  (12,  16,  and  24 
words/minute)  and  the  length  of  the  stimulus  stream 
(isolated  letters,  random  three-letter  strings, 
common  words,  and  conversational  sentences). 
Results  for  two  subjects  who  are  already  highly 
experienced  in  the  sending  and  in  the  auditory 
reception  of  Morse  Code  indicate  faster  learning 
cunres  and  higher  levels  of  tactual  performance 
than  those  obtained  for  naive  subjects.  For 
example,  the  experienced  subjects  achieved  crite¬ 
rion  performance  of  95  percent  on  the  single-letter 
recognition  task  at  all  three  presentation  rates 
within  a  total  of  10,000  trials.  For  the  naive  sub¬ 
jects,  learning  is  proceeding  at  a  slower  pace,  and 


differences  between  the  skilled  and  naive  subjects 
appear  to  increase  with  rate.  While  the  skilled  sub¬ 
jects  were  able  to  receive  CUNY  sentences  nearly 
perfectly  at  a  rate  of  16  words/minute,  the  unskilled 
sut^ects  have  not  advanced  beyond  the  single-letter 
task.  The  auditory  reception  of  sentences  in  Morse 
Code  by  the  skilled  su^ects,  however,  is  superior 
to  their  tactual  reception  since  they  can  obtain  near¬ 
perfect  scores  for  auditory  reception  of  the  code  at 
rates  of  40-50  words/minute. 

DIscrImlnadon  of  TTiIckness 

Study  of  the  discrimination  of  thickness  has  con¬ 
tinued  over  the  current  year  with  the  development 
of  a  device  and  software  for  experimentation  and 
with  collecting  preliminary  data  on  several  subjects. 
The  ability  to  discriminate  thickness  is  being  studied 
for  three  materials  with  different  bending  moduli 
(steel,  brass,  and  plastic,  in  decreasing  order  of 
stiffness).  Various  steps  have  been  taken  to  elimi¬ 
nate  potential  cues  other  than  thickness  in  per¬ 
forming  the  discrimination  task,  including  the  use  of 
different  tokens  (i.e.,  individual  plates)  for  each 
material  and  thickness,  limiting  the  area  of  the  plate 
in  which  the  thumb  and  forefinger  may  make 
contact,  and  placing  the  apparatus  in  a 
temperature-controlled  box  to  minimize  the  use  of 
thermal  cues.  On  a  given  trial,  two  plates  of  dif¬ 
ferent  thickness  (but  of  the  same  material)  are  pre¬ 
sented  sequentially,  and  the  subject's  task  is  to 
judge  the  order  of  presentation  (thick-thin  or  thin- 
thick).  Training  and  testing  has  been  conducted 
thus  far  with  8-mil  reference  plates  and  with  com¬ 
parison  values  in  the  range  of  8-20  mils.  Prelimi¬ 
nary  results  indicate  a  possible  correlation  between 
stiffness  and  jnd  for  thickness  in  that  the  jnd  for 
steel  (the  stiffest  of  the  three  materials)  is  higher 
than  for  brass  and  plastic  (presumably  due  to  addi¬ 
tional  cues  supplied  by  compression  of  the 
fingerpads  as  the  material  bends). 

Design  of  Multifinger  Tactual  Stimulator 

Work  has  been  conducted  on  the  design  of  a  new 
multifinger  device  for  use  in  studies  of  the  informa¬ 
tion  capabilities  of  the  tactual  (cutaneous  plus 
kinesthetic)  sense.  The  specifications  for  this 
device  include  simultaneous  stimulation  of  three  to 
five  fingers  with  one  degree  of  freedom  in  move¬ 
ment  for  each  finger.  The  frequency  range  of  stim¬ 
ulation  is  specified  as  0-300  Hz,  with  maximum 
motion  of  one  inch  peak-to-peak  at  very  low  fre¬ 
quencies  decreasing  to  roughly  100  microns  for  fre¬ 
quencies  above  100  Hz.  The  geometric  constraints 
on  the  display  are  dictated  by  the  shape  of  the 
hand. 
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Study  of  Manual  Compllanca 

New  experiments  have  been  completed^  on  com¬ 
pliance  discrimination  in  which  work  cues  were 
eliminated  and  force  cues  were  minimized.  When 
compared  to  data  obtained  previously  in  which  both 
work  and  terminal  force  cues,  as  well  as  compli¬ 
ance  cues,  were  available  to  the  subject,  the  new 
data  indicate  (a)  that  manual  resolution  of  compli¬ 
ance  deteriorates  when  force  and/or  work  cues  are 
reduced  or  eliminated  and  (b)  that  subjects  appear 
to  rely  strongly  on  terminal  force  cues  (when  they 
are  available)  in  making  compliance  comparisons. 


1.4.2  Tactual  Supplements  to 
Speechreading 

Work  during  the  current  year  has  been  concerned 
with  developing  a  more  complete  understanding  of 
the  differential  results  obtained  for  auditory  and 
tactile  presentation  of  acoustic-based  low-bandwidth 
supplements  to  speechreading.  Our  previous  work 
has  been  extended  in  two  areas  described  below. 

Comparison  of  Auditory  and  Tactile 
Presentation  of  a  Single-band  Envelope 
Cue  as  a  Supplement  to  Speechreading 

Further  experiments  have  been  conducted  using  a 
low  bandwidth  supplemental  speechreading  cue. 
The  envelope  of  an  octave  band  of  speech  cen¬ 
tered  at  500  Hz  is  used  to  modulate  the  amplitude 
of  a  200-Hz  tone.  The  usefulness  of  this  cue  for 
speechreading,  when  presented  either  auditorily 
through  headphones  or  tactilely  through  a  single¬ 
channel  vibrator,  was  evaluated  for  a  set  of  24 
initial  consonants  in  CVC  syllables  and  a  set  of  16 
vowels  and  diphthongs  in  CVC  syllables.^  Conso¬ 
nant  results,  averaged  across  three  subjects, 
showed  improvement  over  lipreading  alone  (53 
percent-correct  performance)  of  10  percentage 
points  for  the  tactile  supplement  and  22  percentage 


points  for  the  auditory  supplement.  The  improve¬ 
ment  observed  with  the  supplements  appears  to  be 
due  primarily  to  improved  reception  of  the  voicing 
feature  for  the  tactile  condition  and  of  the  voicing 
and  nasality  features  for  the  auditory  condition. 
Vowel  results  indicated  near-ceiling  performance  on 
all  three  conditions.  The  segmental  results  will  be 
related  to  those  obtained  previously  for  sentence 
materials. 

Tactile  and  Auditory  Measures  of 
Amplitude-modulation  Discrimination 

One  possible  explanation  for  the  better  results 
obtained  for  auditory  compared  to  tactile  presenta¬ 
tion  of  the  same  supplemental  cue  to  speech¬ 
reading  may  be  differences  in  basic  psychophysical 
properties  of  hearing  and  touch.  In  particular,  the 
sd9ility  to  discriminate  differences  in  amplitude  mod¬ 
ulation  may  be  highly  relevant  to  the  supplemental 
cue  we  are  studying.  Experiments  are  being  con¬ 
ducted  to  assess  AM  discrimination  as  a  function  of 
modulation  depth  (msO  and  1)  and  modulation  fre¬ 
quency  (fm=5  or  50  Hz)  for  a  200-Hz  carrier. 
Resuits  indicate  that,  on  average,  auditory  thresh¬ 
olds  are  roughly  6  dB  more  sensitive  than  tactile 
thresholds  for  a  given  set  of  stimulus  parameters, 
with  the  exception  of  the  condition  m^o  and  fm«50, 
where  auditory  and  tactile  performance  are  nearly 
the  same.  Our  results  extend  those  previously 
available  in  the  literature  by  including  data  for 
nonzero  values  of  reference  modulation,  which  may 
be  particularly  relevant  to  the  Information  that  is 
conveyed  in  the  single-band  speech  envelope. 


1.4.3  Evaluation  of  Practical  Aids 

In  addition  to  continuing  periodic  laboratory  evalu¬ 
ations  of  eight  subjects  who  have  been  fitted  with 
tactile  devices  and  are  wearing  them  in  the  field,^^ 
two  other  studies  have  been  initiated  during  the 
current  year. 


45  H.Z.  Tan  and  N.l.  Durtach,  'Manual  Discrimination  Using  Active  Finger  Motion:  Compliance,  Force,  and  Work,'  submitted  to  Percep¬ 
tion  and  Psychophysics',  H.Z.  Tan,  N.l.  Durlach,  Y.  Shao,  and  M.  Wei,  'Manual  Resolution  of  Compliance  When  Work  and  Force 
Cues  are  Minimized,'  Proceedings  of  the  American  Society  of  Mechanical  Engineers  WAM'93  (Book  H00851),  99-104, 1993. 

4fi  M.S.  Bratakos,  Supplements  to  Speechreading:  A  Comparison  of  Auditory  and  Tactile  Presentation  of  a  Single-Band  Envelope  Cue, 
S.B.  thesis.  Dept,  of  Electr.  Eng.  and  Comput.  Sci.,  MiT,  1993. 

47  C.M.  Reed,  L.A.  Delliorne,  and  N.i.  Durlach,  'Results  Obtained  with  Tactaid  il  and  Tactaid  Vli,*  in  Proceedings  of  Second  Interna¬ 
tional  Conference  on  Tactile  Aids,  Hearing  Aids,  and  Cochlear  Implants,  eds.  A.  Risberg,  S.  Feiicetti,  G.  Plant,  and  K.-E.  Spans 
(Stockholm,  Sweden:  Department  of  Speech  Communication  and  Music  Acoustics,  KTH,  1992),  pp.  149-155. 
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77m  EffBCts  of  Training  on  Adult 
Partormanco  Using  ths  Tactald  Vll 

Two  additional  aduits  have  been  fitted  with  the 
Tactaid  Vll  and  are  participating  in  weekly  training 
sessions  in  the  use  of  the  device  as  a  suppiement 
to  speechreading.  Pre-training  measurements  were 
obtained  on  the  subjects'  speechreading  ability  in 
two  tasks  (sentence  reception  and  tracking)  both 
with  and  without  the  tactile  aid.  A  detailed  training 
program  using  both  analytic  and  synthetic  training 
materials  has  been  prepared  for  use  in  the 
program,  emphasizing  the  use  of  the  tactile  aid  as  a 
supplement  to  lipreading  but  also  including  exer¬ 
cises  for  the  tactile  reception  of  speech  alone. 
After  a  six-month  training  period,  the  speechreading 
tests  will  be  administered  again  to  determine  the 
effects  of  training.  Performance  will  then  be  com¬ 
pared  with  the  group  of  adults  fitted  with  the  Tactaid 
Vll  but  provided  with  only  basic  aid  orientation  and 
limited  training. 

The  Effects  of  Training  on  the  Use  of 
Tactile  Aids  by  Congenitally  Deaf  Children 

This  study  involves  long-term  training  of  a  group  of 
congenitally  deaf  children  (age  range  five  to  ten 
years)  attending  the  Boston  School  for  the  Deaf. 
These  children,  who  derive  limited  benefit  from 
amplification  (hearing  aids  and  FM  trainers),  are 
provided  with  weekly  therapy  sessions  using  the 
Tactaid  Vll.  The  training  sessions  emphasize  the 
use  of  the  tactile  aid  for  speech  development, 
auditory/tactile  speech  reception,  and  the  use  of  the 
tactile  aid  as  a  lipreading  supplement.  Each  child's 
speech  production  and  speech  reception  skills  were 
assessed  at  the  beginning  of  the  program  and  will 
be  retested  at  three  month  intenrals.  An  additional 
child,  who  has  normal  hearing  up  to  t  .5  kHz  but  no 
measureable  hearing  above  2  kHz,  is  receiving 
training  on  a  modified  tactile  aid  which  provides 
information  on  high-frequency  consonants.  Speech- 
production  tests  consisting  primarily  of  materials 
that  include  sounds  with  high-frequency  energy 
were  administered  prior  to  the  start  of  a  training 
program  with  the  aid,  and  will  be  re-administered  at 
three-month  intenrals. 


1.4.4  Significance 

The  research  conducted  here  leads  to  increased 
understanding  of  tactual  speech  communication  and 
contributes  to  the  development  of  improved  tactual 
aids  for  individuals  who  are  deaf  and  deaf-blind. 
This  research  plays  a  significant  role  in  helping 
such  individuals  to  achieve  improved  speech  recep¬ 


tion,  speech  production,  and  tankage  competence. 
At  the  more  basic  scientific  ievel,  this  research  con¬ 
tributes  to  increased  knowledge  about  speech  com¬ 
munication,  tactual  perceptton,  rnanu^  sensing, 
display  design,  and  sensory  sutetitution. 


1.4.5  Publications 

Reed,  C.M.,  LA.  Delhome,  and  N.l.  Ouriach. 
"Results  Obtained  with  Tactaid  II  and  Tactaid 
Vll."  Proceedings  of  the  Second  International 
Conference  on  Tactile  Aids.  Hearing  Aids,  and 
Cochlear  Implants,  pp.  143-155,  Eds.  A. 
Risberg,  S.  Felicetti,  G.  Plant,  and  K.-E.  Spens. 
Stockholm,  Sweden:  Department  of  Speech 
Communication  and  Music  Acoustics,  KTH, 

1992. 

Tan,  H.Z.,  and  N.l.  Durlach.  "Manual  Discrimination 
Using  Active  Finger  Motion;  Compliance,  Force, 
and  Work."  Submitted  to  Percept.  Psychophys. 

Tan,  H.Z.,  N.l.  Durlach,  Y.  Shao,  and  M.  Wei. 
"Manual  Resolution  of  Compliance  when  Work 
and  Force  Cues  are  Minimized.”  Proceedings  of 
the  American  Society  of  Mechanical  Engineers 
WAM'93.  Book  H00851:  99-104,  New  Orleans, 
Louisiana,  November  28-December  3, 1993. 

Thesis 

Bratakos,  M.S.  Supplements  to  Speechreading:  A 
Comparison  of  Auditory  and  Tactile  Presentation 
nf  a  Single-Band  Envelope  Cue.  S.B.  thesis. 
Dept,  of  Electr.  Eng.  and  Comput.  Sci.,  MIT, 

1993. 


1.5  Multimicrophone  Hearing  Aids 

Sponsor 

National  Institutes  of  Health 
Grant  R01-DC00270 

Project  Staff 

Joseph  G.  Desloge,  Nathaniel  I.  Durlach,  Julie  E. 
Greenberg,  Michael  P.  O'Connell,  Dr.  William  M. 
Rabinowitz,  Daniel  P.  Welker,  Dr.  Patrick  M.  Zurek 

The  long-term  goal  of  this  research  is  the  develop¬ 
ment  of  sensory  aids  that  improve  the  ability  of 
hearing-impaired  listeners  to  function  in  complex 
acoustic  environments  through  the  use  of  micro¬ 
phone  arrays.  Since  the  reception  of  speech  is  the 
most  important  problem  for  the  hearing  impaired, 
the  target  signai  of  primary  interest  is  speech. 
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We  envision  a  microphone  array  system  that 
resolves  incoming  signals  into  simultaneous  direc¬ 
tional  channels  followed  by  a  coding  operation  that 
transforms  these  resolved  signals  so  that  resolution 
is  preserved  at  the  perceptual  level  after  the  signals 
are  summed  for  presentation  either  to  one  or  two 
ears.  Such  a  system  would  permit  even  a  monaural 
listener  to  monitor  all  directions  simultaneously, 
detect  and  localize  in  the  same  operation,  and 
focus  on  a  single  direction. 

Our  current  work  on  microphone  arrays  is  directed 
toward  the  extraction  of  a  single  target  signal 
(assumed  to  arise  from  a  target  source  straight 
ahead  of  the  listener)  and  the  reduction  of  interfer¬ 
ence  from  sources  directionally  distinct  from  the 
target  source.  Approaches  based  both  on  fixed  and 
adaptive  arrays,  with  processing  for  monaural  or 
binaural  outputs,  are  being  studied. 

Microphone  arrays  with  fixed  (time-invariant) 
weights  are  directed  at  enhancing  a  desired  signal 
from  one  direction  (straight  ahead)  while  attenuating 
spatially  distributed  interference  and  reverberation. 
Past  work^  applied  the  theory  of  sensitivity- 
constrained  optimal  beamforming^  to  free-field 
head-sized  arrays.  This  analysis  showed  that 
broadband  intelligibility-weighted  directivities^  of  7-8 
dB  can  be  obtained  either  with  a  broadside  array  of 
cardioid  microphones  or  with  an  endfire  array  with 
weights  based  on  analog  gains  and  pure  time 
delays.  Current  work  is  directed  at  implementing 
portable  prototype  multimicrophone  arrays  to  be 
worn  and  evaluated  by  hearing-aid  users. 

Work  on  adaptive  array  hearing  aids  has  recently 
been  focused  on  algorithmic  analysis  and  design. 
Issues  of  adaptation  control  to  minimize  target  can¬ 
cellation  and  misadjustment,  and  robustness  in 
reverberation,  issues  that  were  outlined 
previously, are  being  thoroughly  analyzed.  The 
result  of  this  analysis  will  be  a  specification  for  a 
relatively  simple  and  robust  five-microphone 
broadside  adaptive  array. 


1.6  Superauditory  Localization  for 
Improv^  Human-Machine  Interfaces 

^Mnaor 

U.S.  Air  Force  -  Office  of  Scientific  Research 
Contract  AFOSR-90-0200 

Project  Staff 

Nathaniel  I.  Durlach,  Professor  Richard  M.  Held,  Or. 
William  M.  Rabinowitz,  Barbara  G.  Shinn- 
Cunningham,  Eric  M.  Foxlin 

The  motivation  and  background  for  this  project  were 
described  in  pages  312-313  of  the  RLE  Progress 
Report  Number  134  and  pages  306-307  of  the  RLE 
Progress  Report  Number  135. 

In  the  past  year,  work  on  facilities  development 
included  the  development  of  specifications  for  an 
improved  auditory  spatial  synthesis  device  and 
ftirther  development  of  a  new  inertial  position 
tracker  with  enhanced  resolution  and  speed. 

In  examining  ways  in  which  supernormal  localiza¬ 
tion  cues  could  be  produced,  the  idea  of  synthe¬ 
sizing  HRTFs  from  larger-than-normal  heads  by 
frequency-scaling  normal  HRTFs  was  considered. 
The  theoretical  effects  of  frequency-scaling  HRTFs 
to  approximate  a  larger  than  normal  head  were 
investigated  and  reported  in  Rabinowitz,  Maxwell, 
Shao,  atxi  Wei  (1993).  In  this  work,  it  was  shown 
that  frequency-scaling  normal  HRTFs  will  produce 
results  very  similar  to  HRTFs  from  larger  than 
normal  heads,  provided  the  sources  to  be  simulated 
are  relatively  far  from  the  listener. 

Earlier  experiments  showed  that  some  adaptation 
<x}uld  occur  when  active  sensorimotor  tasks  were 
employed  to  train  subjects.  These  basic  results 
were  investigated  in  more  detail  in  the  past  year  by 
varying  the  (1)  type  of  training  given  to  subjects,  (2) 
number  of  positions  employed,  (3)  complexity  of  the 
acoustic  environment,  and  (3)  (^esence  of  visual 
cues. 

In  all  experiments  performed  to  date,  introduction  of 
the  transformation  produced  the  anticipated 
changes  in  resolution  and  increased  resolution  in 


48  R.W.  Stadler  and  W.M.  Rabinowitz,  'On  tho  Potential  of  Fixed  Arrays  for  Hearing  Aids,'  J.  Acoust  Soc.  Am.  94: 1332-1342  (1992). 

49  H.  Cox,  R.M.  Zeskind,  and  T.  Kooij,  'Practical  Supergain,'  IEEE  Trans.  Acoust.  Speech  SIg.  Proc.  ASSP-34:  393-398  (1986). 

so  j.E.  Greenberg,  P.M.  Peterson,  and  P.M.  Zurek,  'Inelligibility-Weighted  Measures  of  Speecb-to-lnterferance  Ratio  and  Speech 
System  Gain,'  J.  Acoust.  Soc.  Am.  94: 3009-3010  (1993). 

si  J.E.  Greenberg  and  P.M.  Zurek,  'Evaluation  of  an  Adaptive  Beamforming  Method  for  Hearing  Aids,*  J.  Acoust.  Soc.  Am.  91: 
1662-1676  (1992). 
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the  center  of  the  field.  Furthermore,  most  of  the 
experiments  showed  clear  evidence  of  adaptation. 
Not  only  did  the  subjects  in  these  experiments 
show  a  reduction  in  bias  (and  localization  error) 
with  exposure  to  the  altered  cues,  but  they  also 
showed  an  increase  in  bias  (and  localization  error) 
in  the  opposite  direction  when  tested  with  normal 
cues  following  altered-cue  exposure  (a  negative 
after-effect).  Of  particular  interest  in  the  context  of 
classical  adaptation  work,  adaptation  was  found  to 
occur,  with  essentially  comparable  strength,  without 
involvement  of  the  sensorimotor  system  in  the 
adaptation  process:  results  were  nearly  identical 
when  feedback  was  purely  cognitive.  This  result 
contrasts  with  previous  work  (e.g.,  by  Held, 
Mikaelian  et  al.,  Freedman  et  al.,  and  Kalil)  which 
focused  strongly  on  the  importance  of  sensorimotor 
involvement. 

Independent  of  the  issues  of  sensorimotor  involve¬ 
ment,  two  results  complicate  the  simplified  picture 
described  above.  First,  no  adaptation  occurred  in 
the  experiment  in  which  the  subjects  were 
blindfolded.  Second,  in  over  half  the  experiments 
there  appeared  to  be  a  tendency  for  enhanced 
resolution  to  decrease  with  increased  exposure  to 
the  altered  cues. 

In  the  future,  we  will  focus  on  analyzing  the 
apparent  decrease  in  resolution  with  exposure, 
examining  the  number  of  necessary  and  sufficient 
visual  cues  to  achieve  adaptation,  investigating  how 
the  strength  of  the  remapping  function  affects  the 
speed  and  extent  of  adaptation,  and  developing  a 
statistical  model  that  describes  experimental  results. 

Additional  work  connected  with  this  grant  has 
involved  participation  in  meetings  at  government 
agencies  (e.g.,  NASA  and  ONR)  and  the  Acoustical 
Society  of  America. 

An  invention  disclosure  has  been  submitted  to 
MIPS  Office  of  Technology  Licensing  for  the  work 
on  an  inertial  tracking  system.  A  patent  may  ensue 
for  this  tracker,  which  was  supported  both  by  this 
project  and  NASA  contract  NCC  2-771. 


1.6.1  Publications 

Durlach,  N.I.,  B.G.  Shinn-Cunningham,  and  R.M. 
Held.  "Supernormal  Auditory  Localization.  I. 
General  Background."  Presence  2(2):  1-103 
(1993). 

Rabinowitz,  W.M.,  J.A.  Maxwell,  Y.  Shao,  and  M. 
Wei.  "Sound  Localization  Cues  for  a  Magnified 
Head:  Implications  from  Sound  Diffraction  about 
a  Rigid  Sphere."  Presence  2(2):  125-129 
(1993). 


Talks 

Shinn-Cunningham,  B.G.  "Auditory  Virtual  Environ¬ 
ments."  Presented  at  the  MIT  Workshop  on 
Space  Life  Sciences  and  Virtual  Reality, 
Endicott  House,  Dedham,  Masschusetts, 
January  6, 1993. 

Shinn-Cunningham,  B.G.,  N.l.  Durlach,  and  R.  Held. 
"Super  Auditory  Localization  for  Improved 
Human-machine  Interface."  Paper  presented  at 
the  Air  Force  Office  of  Scientific  Research 
Review  of  Research  in  Hearing,  Fairborn,  Ohio, 
June  1993. 

Shinn-Cunningham,  B.G.,  N.l.  Durlach,  and  R.  Held. 
"Auditory  Display  and  Localization."  Paper  pre¬ 
sented  at  the  Conference  on  Binaural  and 
Spatial  Hearing,  sponsored  by  the  Air  Force 
Office  of  Scientific  Research  and  Armstrong 
Laboratory,  WPAFB,  Ohio,  September  9-12, 
1993. 


1.7  Mechanistic  Modeling  of  the 
Primate  Fingerpad 

Sponsor 

National  Institutes  of  Health 
Grant  R29-DC00625 

Project  Staff 

Dr.  Mandayam  A.  Srinivasan,  Kiran  B.  Dandekar, 
Walter  E.  Babiec 

When  we  touch  an  object,  the  source  of  all  tactile 
information  is  the  spatio-temporal  distribution  of 
mechanical  loads  on  the  skin  at  the  contact  inter¬ 
face.  The  relationship  between  these  loads  and  the 
resulting  stresses  and  strains  at  the  nerve  terminals 
within  the  skin  plays  a  fundamental  role  in  the 
neural  coding  of  tactile  information.  Although 
empirical  determination  of  the  stress  or  strain  state 
of  a  mechanoreceptor  is  not  possible  at  present, 
mechanistic  models  of  the  skin  and  subcutaneous 
tissues  enable  us  to  generate  testable  hypotheses 
on  skin  deformations  and  associated  peripheral 
neural  responses.  Verification  of  the  hypotheses 
can  then  be  accomplished  by  comparing  the  calcu¬ 
lated  results  from  the  models  with  biomechanical 
data  on  the  deformation  of  both  the  skin  and  subcu¬ 
taneous  tissues  and  with  neurophysiological  data 
from  recordings  of  the  responses  of  single  neural 
fibers.  The  research  under  this  grant  is  directed 
towards  applying  analytical  and  computational 
mechanics  to  analyze  the  biomechanical  aspects  of 
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touch — ^the  mechanics  of  contact,  the  transmission 
of  the  mechanical  signals  through  the  skin,  and 
their  transduction  into  neural  impulses  by  the  mech- 
anoreceptors. 


1.7.1  Determination  of  Geometric  and 
Materiai  Properties  of  the  Primate  Fingertip 

The  first  step  in  performing  mechanistic  analyses  of 
the  primate  fingertip  (distal  phalanx)  is  to  determine 
its  geometric  and  material  properties.  Three- 
dimensional  (3D)  external  geometry  of  the  primate 
fingertip  was  determined  from  accurate  epoxy  rep¬ 
licas  of  human  and  monkey  fingertips.  Using  a 
videomicroscopy  setup,  we  obtained  images  of 
orthographic  projections  of  the  epoxy  replicas  at 
various  known  orientations.  The  images  were  then 
digitized  and  processed  to  determine  the  boundary 
of  the  finger  at  each  orientation.  By  combining  the 
boundary  data  for  all  the  different  orientations,  we 
were  able  to  reconstruct  the  3D  external  geometry 
of  the  fingertlp.32  We  have  reconstructed  several 
human  and  monkey  fingertips  using  this  method. 

For  mechanical  modeling  of  the  human  fingerpad, 
the  Poisson's  ratio,  which  is  a  measure  of  its 
compressibility,  is  required  as  an  Input  to  the  math¬ 
ematical  models.  The  Poisson's  ratio  for  the 
human  fingerpad  In  vivo  is  unknown  at  present.  In 
previous  noninvasive  experiments  on  human  sub¬ 
jects,  we  have  measured  the  change  in  volume  of 
the  fingerpad  under  static  indentations  with  different 
indentors.”  Our  results  show  that  the 
compressibility  of  the  fingertip  increases  with 
increases  in  both  the  depth  of  indentation  and  the 
contact  area  with  the  indentor.  The  highest  change 
in  fingertip  volume  was  about  5  percent.  We  have 
now  developed  an  experimental  setup  involving  a 
computer  controlled  linear  actuator  for  fingertip 
volume  change  measurements  under  dynamic  con¬ 
ditions. 


1.7.2  Fingertip  Models  and  Finite  Element 
Analyses 

We  have  performed  linear  and  nonlinear  finite 
element  analyses  of  a  series  of  mechanistic  models 
of  the  fingerpad  under  a  variety  of  mechanical 
stimuli.^  The  models  range  from  a  semi-infinite 
medium  to  a  3D  model  based  on  the  actual  finger 
geometry  and  composed  of  either  a  homogeneous 
elastic  material  or  a  thick  elastic  shell  containing  a 
fluid.  Simulations  of  the  mechanistic  aspects  of 
neurophysiological  experiments  involving  mapping 
of  receptive  fields  with  single  point  loads,  determi¬ 
nation  of  spatial  resolution  of  two-point  stimuli,  and 
indentations  by  single  bars  as  well  as  periodic  and 
aperiodic  gratings  have  been  carried  out  for  the  2D 
models.  We  have  also  solved  the  nonlinear  contact 
problem  of  indentations  by  cylindrical  objects.  The 
large  number  of  numerical  calculations  needed 
even  for  the  linear  2D  models  necessitated  the  use 
of  the  MIT  supercomputer. 

The  results  show  that  the  (1)  model  geometry  has  a 
significant  influence  on  the  spatial  distribution  of  the 
mechanical  signals  and  (2)  elastic  medium  acts  like 
a  low-pass  filter  In  causing  blurring  of  the  mechan¬ 
ical  signals  imposed  at  the  surface.  None  of  the 
other  modeis  predicted  the  experimentaliy  obsen/ed 
surface  defiection  profiles  under  line  loads  as 
closely  as  a  simple  heterogeneous  model  that 
treated  the  fingerpad  as  a  membrane  enclosing  an 
Incompressibie  fluid.”  The  results  from  the  ana¬ 
lyses  of  these  models  were  then  related  to 
recordings  of  the  responses  of  slowly  and  rapidly 
adapting  mechanoreceptors  (SA  and  RA,  respec¬ 
tively).  Under  indentations  by  rectangular  gratings, 
the  maximum  compressive  strain  and  strain  energy 
density  at  the  receptor  locations  emerged  as  the 
two  strain  measures  that  are  directly  related  to  the 
response  rate  of  SAs.  The  same  result  was  true  for 
the  contact  problem  of  indentations  by  cylinders. 
However,  strain  energy  density  is  a  better  candidate 
since  it  is  a  scalar  that  is  invariant  with  respect  to 
receptor  orientation  and  a  direct  measure  of  the  dis¬ 
tortion  of  the  receptor  caused  by  loads  imposed  on 
the  skin.  For  the  model  calculations  to  match  both 
biomechanical  and  neurophysiological  data  more 


52  T.R.R.  Perez  and  M.A.  Srinivasan,  VIdeomicmscopic  Reconstruction  of  the  Hunan  Finger,  Project  report  to  the  MIT  Minority  Summer 
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Bioeng.  22:  569-572  (1992);  M.A.  Srinivasan  and  K.  Dandekar,  'An  Investigation  of  the  Mechanics  of  Tactile  Sense  Using  Two- 
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accurately,  it  is  likely  that  the  models  will  have  to 
take  into  account  the  inhomogeneity  of  the  primate 
fingerpad. 


1.8  Peripheral  Neural  Mechanisms  of 
Haptic  Touch 

Sponsor 
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P.  Karason 

We  have  been  collaborating  with  Dr.  LaMotte  of 
Yale  University  School  of  Medicine  in  conducting 
psychophysical  and  neurophysiological  studies  on 
the  tactile  perception  of  the  microtexture,  shape  and 
softness  of  objects.  We  have  shown  that  humans 
can  detect  extremly  fine  textures  composed  of  50 
nanometers  high  parallel  bars  on  plane  glass 
plates.®^  Our  neurophysiological  recordings  indicate 
that  when  such  fine  textures  are  stroked  on  the 
fingerpad  skin,  the  fingerprint  ridges  vibrate  and 
cause  Pacinian  Corpuscles  to  respond,  thus  ena¬ 
bling  the  detection  of  the  microtexure.®®  In  studies 
of  the  tactile  perception  of  shape,  a  series  of  two- 
and  three-dimensional  objects  (e.g.,  cylinders, 
spheres,  ellipsoids  and  wavy  surfaces)  were 
pressed  or  stroked  across  the  fingerpads  of 
anesthetized  monkeys  and  the  evoked  responses  in 
cutaneous  mechanoreceptive  primary  afferent  nerve 
fibers  were  recorded.®®  Major  geometrical  properties 
of  the  shapes  were  well  represented  in  the  spatio- 
temporal  responses  of  SA  and  RA  afferent  fiber 
populations,  particularly  those  of  the  SAs.  The 
results  show  that  the  following  hypothesis  explains 
qualitatively  all  the  data  we  have  obtained:  the 


depth  of  indentation  and  the  change  in  curvature  of 
the  skin  surface  are  encoded  by  the  discharge  rates 
of  SAs.  In  addition,  the  velocity  and  the  rate  of 
change  in  skin  surface  curvature  are  encoded  by 
the  discharge  rates  of  both  SAs  and  RAs. 

Thus,  intensive  parameters  of  shapes,  such  as  the 
magnitude  of  change  in  skin  curvature  produced  by 
contact  with  the  object  surface,  were  encoded  in 
the  discharge  rates  of  SAs  and  RAs,  but  this  neural 
code  was  also  influenced  by  changes  in  stroke 
velocity.  Spatial  parameters  of  shapes  such  as  the 
cun/ature  width  and  the  changes  in  contour  that 
characterize  a  shape  as  belonging  to  a  particular 
category  (such  as  a  sphere  as  opposed  to  a  cyl¬ 
inder)  are  encoded  in  the  spatially  distributed  dis¬ 
charge  rates  of  the  SA  population.  This  spatial 
response  profile  provides  a  neural  code  that  is  pro¬ 
bably  invariant  with  moderate  changes  in  the  para¬ 
meters  that  govern  contact  conditions  between  the 
object  and  the  skin,  such  as  the  contact  force  or 
orientation  and  velocity  of  its  trajectory.  Therefore, 
among  the  different  possible  geometric  represen¬ 
tations  of  the  shape  of  objects,  the  intrinsic 
description,  i.e.,  the  surface  curvature  as  a  function 
of  the  distance  along  the  surface,  seems  to  be  rele¬ 
vant  for  tactile  sensing  of  shape. 

Based  on  a  theoretical  analysis  of  the  mechanics  of 
contact,  we  have  proposed  a  mechanism  by  which 
sh^es  of  objects  within  contact  regions  are  per¬ 
ceived  through  the  tactile  sense.  The  curvature  of 
the  skin  surface  under  an  object,  which  we  know 
from  differential  geometry  is  approximated  by  the 
second  spatial  derivative  of  surface  deflection,  is 
coded  not  by  differentiating  (which  is  a  noise 
enhancing  process),  but  by  exploiting  its  relation  to 
surface  pressure.  Pressure  peaks  occur  where  the 
depths  of  indentation  and/or  changes  in  the  skin 
surface  curvature  are  high.  The  skin  effectively 
acts  as  a  low-pass  filter  in  transmitting  the  mechan¬ 
ical  signals,  and  the  mechanoreceptors  respond  to 
the  blurred  versions  of  the  surface  pressure  dis- 
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tribution,  thus  encoding  the  shape  of  the  object  in 
terms  of  its  surface  curvatures.^^ 

We  have  also  shown  that  the  human  discriminabitity 
of  softness  or  compliance  of  objects  depends  on 
whether  the  object  has  a  deformable  or  rigid 
surface.^'  When  the  surface  is  deformable,  the 
spatial  pressure  distribution  within  the  contact 
region  is  dependent  on  object  compliance,  and 
hence  information  from  cutaneous  mechanorecep- 
tors  is  sufficient  for  discrimination  of  subtle  differ¬ 
ences  in  compliance.  When  the  surface  is  rigid, 
kinesthetic  information  is  necessary  for  discrimi¬ 
nation,  and  the  discriminability  is  much  poorer  than 
that  for  objects  with  deformable  surfaces. 


1.8.1  Development  of  a  Computational 
Theory  of  Haptics 

Our  research  on  computational  theory  of  haptics  is 
focused  on  developing  a  theoretical  framework  for 
studying  the  information  processing  and  control 
strategies  common  to  both  humans  and  robots  per¬ 
forming  haptic  tasks.  For  example,  although  the 
"hardware"  of  the  tactile  apparatus  in  humans  and 
robots  are  different,  they  have  the  common  feature 
of  mechanosensors  embedded  in  a  deformable 
medium.  Thus  the  computational  problem  of  coding 
(predicting  sensor  response  for  a  given  mechanical 
stimulus  at  the  surface)  and  decoding  (inferring  the 
mechanical  stimulus  at  the  surface  by  suitably  pro¬ 
cessing  the  sensor  response)  need  similar 
mechanistic  anaiyses  for  their  soiution.  We  have 
developed  such  a  "computational  theory"  for  an  ide¬ 
alized  medium  subjected  to  arbitrary  pressure  or 
dispiacement  loading  conditions,  and  give  explicit 
formulae  for  the  coding  and  decoding  probiems.^^ 

In  our  work  during  the  past  year,  we  were  suc¬ 
cessful  in  answering  basic  identification  and  control 
questions  that  arise  during  manipulation  of 
compliant  objects  using  compiiant  fingerpads.”  To 
understand  the  fundamentai  aspects  of  these  tasks, 
we  have  analyzed  the  problem  of  identification  of 
compliant  objects  with  a  singie  finger  contact,  as 
weii  as  under  a  two-finger  grasp.  Using  lumped 


parameter  models,  we  have  carried  out  the  identifi¬ 
cation  of  human  and  object  parameters,  using 
either  force  or  displacement  inputs  to  the  rigid 
backing  of  the  end-effector.  Based  on  identified 
parameters,  control  strategies  are  developed  to 
achieve  a  desired  manipulation  of  the  object  in  the 
workspace. 

We  have  also  modeled  the  dynamic  interactions 
that  occur  between  compliant  end-effectors  and 
deformable  objects  by  a  class  of  nonlinear  systems. 
It  was  shown  that  standard  geometric  techniques 
for  exact  feedback  linearization  were  inadequate. 
New  algorithms  were  developed  by  using  adaptive 
feedback  techniques  which  judiciously  employed 
the  stability  characteristics  of  the  underlying  non¬ 
linear  dynamics.  Both  theoreticai  and  simulation 
results  show  that  these  adaptive  control  algorithms 
ted  to  successful  manipulation.  The  theoretical 
results  can  be  used  to  generate  testable  hypoth¬ 
eses  for  experiments  on  human  or  robot  haptics. 


1.9  Biomechanics  of  Skin-Object 
Contact 

Sponsor 
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Although  physical  contact  is  ubiquitous  in  our  inter¬ 
actions  with  objects  in  the  environment,  we  do  not 
yet  understand  the  mechanistic  phenomena  occur¬ 
ring  at  the  skin-object  interface.  As  mentioned 
before,  the  spatio-temporal  distribution  of  mechan- 
icai  loads  on  the  skin  at  the  contact  interface  is  the 
source  of  all  tactile  information.  These  loads,  spec¬ 
ified  as  pressure,  displacements,  etc.,  depend  on 
the  geometrical  and  material  properties  of  both  the 
contacting  entities,  as  well  as  the  overall  forces  of 
interaction.  The  goal  of  this  project  is  to  determine 
the  growth  and  motion  of  contact  regions  and  vari- 
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ations  in  the  associated  force  over  time  between 
the  human  fingerpad  and  carefully  chosen  trans¬ 
parent  test  objects  whose  microtexture,  shape  or 
softness  is  varied  in  a  controlled  manner.  These 
results  are  being  used  to  gain  a  deeper  under¬ 
standing  of  the  data  we  have  already  obtained  for 
the  same  test  objects,  namely, 
electrophysiologically  recorded  responses  of  cuta¬ 
neous  mechanoreceptive  afferent  fibers,  and 
psychophysically  determined  human  discrimin- 
abilities. 

To  measure  the  in  vivo  surface  deformations  of  the 
fingerpad  under  various  tactile  stimuli,  we  have 
designed  a  videomicroscopy  system  together  with 
high  precision  force  sensors.  The  videomicroscopy 
system  consists  of  a  set  of  video  zoom  lenses 
attached  to  a  high-resolution  CCD  camera,  whose 
output  can  either  be  digitized  directly  at  about  5 
frames/s,  or  stored  on  a  laserdisk  at  real-time  frame 
rates  (30  frames/s)  for  off-line  digitization.  The 
zoom  lenses  enable  continuous  variation  of  magni¬ 
fication,  with  the  field  of  view  covering  the  entire 
fingerpad,  or  just  a  few  fingerprint  ridges.  High 
contrast  images  are  achieved  with  coaxial  and  other 
fiberoptic  lighting.  In  collaboration  with  our  col¬ 
leagues  at  the  MIT  Artificial  Intelligence  Laboratory, 
we  designed  and  built  two  6-axis  force  sensors  that 
are  customized  to  our  application.  These  sensors 
have  much  higher  resolutions  (10  bit)  than  com¬ 
mercial  sensors  operating  in  a  comparable  range  of 
forces  (5  Newtons).  Transparent  test  objects  can 
be  attached  to  these  sensors  for  both 
biomechanical  and  psychophysical  experiments. 


actual  contact  areas  can  differ  by  a  factor  of  two  or 
more.  The  actual  pressure  distribution,  which  acts 
only  within  the  discontinuous  contact  islands  on  the 
skin,  will  therefore  be  radically  different  for  the 
objects.  Consequently,  a  spatio-temporal  neural 
code  for  object  compliance  emerges  with  far  higher 
resolution  than  an  intensive  code  such  as  the 
average  pressure  over  the  overall  contact  area. 
These  results  are  in  agreement  with  our  hypothesis 
that  the  neural  coding  of  objects  with  deformable 
surfaces  (such  as  rubber)  is  based  on  the  spatio- 
temporal  pressure  distribution  on  the  skin.  This 
was  one  of  the  conclusions  from  our  psychophys¬ 
ical.  biomechanical  and  neurophysiological  exper¬ 
iments  in  a  companion  project  conducted  in 
collaboration  with  Dr.  LaMotte  of  Yale  University 
School  of  Medicine. 

In  another  set  of  experiments,  the  images  of  a 
human  fingertip  before  and  after  indentation  with 
rectangular  and  cylindrical  bars  were  obtained.  By 
superposing  the  images,  we  can  measure  the 
surface  profile  as  well  as  the  displacements  of  the 
points  on  the  skin  surface  marked  with  ink.  Such 
measurements  for  several  bars  at  different  orien¬ 
tations  serve  as  biomechanical  data  to  verify  and 
guide  the  finite  element  models  of  the  fingertips 
described  above. 


1.10  Human  and  Robot  Hands: 
Mechanics,  Sensorimotor  Functions  and 
Cognition 


Using  the  test  facility  described  above,  we  have 
performed  a  set  of  experiments  with  human  sub¬ 
jects  to  investigate  the  relationship  between  the 
contact  force,  contact  area  and  compliance  of  the 
object.  The  experiments  involved  active  indentation 
of  transparent  compliant  rubber  specimens  and  a 
glass  plate  with  the  subjects'  fingerpads.  Static 
video  images  of  the  contact  regions  were  captured 
at  various  force  levels  and  magnifications.  In  order 
to  minimize  the  effects  of  nonuniform  illumination, 
we  implemented  homomorphic  image  processing 
algorithms  with  or  without  image  decimation.  The 
processed  images  showed  that  contact  regions  con¬ 
sisted  of  discontinuous  "islands"  along  each  finger 
ridge,  with  clear  distinction  between  contact  and 
noncontact  regions  over  the  entire  field  of  view. 

Results  show  that  for  objects  whose  compliances 
are  discriminable,  even  when  the  overall  contact 
areas  under  a  given  contact  force  are  the  same,  the 
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The  premise  of  this  University  Research  Initiative 
project  is  that  the  integrated  study  of  human  and 
robot  haptics  can  provide  complementary  know¬ 
ledge  of  the  processes  of  prehension  and  manipu¬ 
lation.  From  the  human  research  side,  we  wish  to 
understand  the  basic  mechanical,  perceptual,  and 
strategic  capabiiities  that  lead  to  the  dexterity  and 
deftness  we  observe  in  human  task  performance. 
By  studying  the  underlying  competences  that 
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humans  bring  to  bear  on  task  performance,  we 
seek  guidelines  on  how  to  better  build  robots. 
From  the  robotic  research  side,  we  wish  to  under¬ 
stand  how  mechanism  and  sensor  design  choices 
can  best  be  made  to  maximize  grasping  and 
manipulative  competences  in  robot  task  perfor¬ 
mance.  By  understanding  better  the  mechanical 
demands  of  task  performance,  we  seek  to  under¬ 
stand  the  performance  demands  which  underlie 
skillful  human  manipulation.  To  bridge  these  two 
areas  of  study,  we  have  assembled  a  unique  team 
of  researchers  with  diverse  backgrounds  in  robotic 
and  human  studies  at  MIT,  Harvard  and  Yale  Uni¬ 
versities. 

The  main  components  of  the  research  conducted 
under  this  project  during  the  past  year  are  (1) 
development  of  new  hardware  for  robotic  and 
human  studies,  (2)  processing  of  robot  sensor 
signals  and  task-level  control  of  the  devices,  and 
(3)  experiments  on  human  perception  and  control 
using  some  of  the  devices.  The  subsections  to 
follow  provide  description  of  the  results  obtained  in 
each  of  the  three  topics. 


1.10.1  Developments  of  New  Hardware 

Hardware  developments  by  the  Dextrous  Manipu¬ 
lation  Group  at  the  Artificial  Intelligence  (Al)  Labora¬ 
tory  at  MIT  include  two  versions  of  glass-smooth 
actuator  test-beds,  the  first  version  of  the  Precision 
Manipulation  Instrument,  and  PVDF-2  contact 
sensors.  Collaboration  between  the  Al  Lab  Group 
and  the  Human  Haptics  Group  at  MIT  has  resulted 
in  the  design  and  fabrication  of  miniature,  high- 
resolution  six-axes  force  sensors,  and  an  Instru¬ 
mented  ScrewDriver  for  experiments  on  human 
force  control.  The  Hanrard  Group  and  the  MIT 
Human  Haptics  Group  have  collaborated  in  building 
a  reconfigured  robot  finger  to  be  used  as  a  tactile 
stimulator  in  experiments  on  human  subjects.  The 
Hanrard  Group  has  fabricated  a  prototype  of  a  flex¬ 
ible  tactile  array  pressure  distribution  sensor  and  an 
integrated  sensor  system.  They  have  also  begun 
development  of  a  multi-element  stress  rate  sensor 
for  improved  slip  and  contact  detection  along  with 
new  signal  processing  electronics  for  improved 
rejection  of  noise  originating  in  the  manipulator 
structure.  The  Yale  group  has  designed  and  fabri¬ 
cated  an  instrumented  probe  that  is  capable  of 
measuring  dynamic  grasp  forces.  The  probe  can 
be  mounted  on  a  torque  motor  for  recording  and 
playing  back  the  transient  force  signals  of  impact 
with  compliant  objects  in  psychophysical  exper¬ 
iments  under  both  active  and  passive  touch. 


1.10.2  Robot  Signal  Procesaing  and 
Task-Level  Control 

tntBrpntatton  of  Contact  Force  Signals 
from  a  Robot  nngertip 

Through  theoretical  advances  in  processing  of 
temporal  signals  from  a  robot  fingertip  force  sensor, 
the  MIT  Al  Lab  group  has  successfully  applied  the 
generalized  sequential  likelihood  ratio  test  to 
temporal  contact  force  signals  and  used  it  to 
segment  them  into  statistically  equivalent  pieces 
indicating  significant  contact  events.  This  permits 
detection  and  labeling  of  impacts,  slip,  changes  in 
texture,  and  contact  condition.  While  of  immediate 
value  in  detecting  and  differentiating  contact  events, 
the  results  of  the  segmentation  are  designed  to  be 
used  in  a  higher  level  procedure  which  will  interpret 
the  results  within  a  manipulation  context.  All  the 
algorithms  are  based  on  forms  of  the  the  general¬ 
ized  sequential  likelihood  ratio  test.  This  test  is 
optimal  under  mild  conditions.  Our  algorithms  yield 
significantly  better  performance  on  standard  tasks, 
like  jing  contact,  than  current  thresholding  tech¬ 
niques.  In  addition,  our  new  algorithms  allow  con¬ 
tinuous  self-calibrating  (adaptive)  sensing  and  the 
detection/segmentation  of  more  complex  phe¬ 
nomena. 

Task  Level  Control  System 

A  task  level  control  system  has  been  developed  for 
the  Salisbury  Hand  and  applied  to  the  problem  of 
grasping.  The  system  is  designed  to  grasp  objects 
in  a  semi-structured  environment  (static  objects 
which  may  be  displaced  randomly).  The  harid  is 
outfitted  with  force  sensing  fingertip  and  a  simple 
contact  sensing  palm.  The  system  uses  sparse 
contact  information  (spatially  and  in  time)  obtained 
from  these  sensors  and  coarse  geometric  models  of 
objects  to  recursively  refine  its  "knowledge"  about 
object  position  and  grasp  state.  Each  contact  event 
provides  partial  information  about  the  task  state  and 
is  used  to  increase  the  knowledge  about  it.  Aging 
or  inconsistent  data  is  rejected,  thus  permitting  a 
degree  of  robustness  to  error  and  unexpected  dis¬ 
turbances.  Local  motions  aimed  at  improving  the 
task  knowledge  (and  ultimately,  grasp  quality)  are 
planned  "on  the  fly"  based  on  the  current  know¬ 
ledge  state.  The  system  thus  incorporates  the 
responsiveness  of  sensor-based  reactive  systems 
and  the  correctness  of  planning  systems.  Proofs  of 
stability  and  convergence  have  been  obtained  and 
the  system  has  been  demonstrated  in  the  grasping 
of  cylinders  and  blocks. 
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Regnsping  Gaits 

An  investigation  of  regrasping  "gaits"  has  been  con¬ 
ducted.  This  work  is  aim^  at  both  deveioping 
methods  for  robot  hands  to  continuousiy  reorient 
objects  by  repositioning  fingers  and  at  reveaiing  the 
underlying  performance  of  this  eiement  of  skiiHui 
manipuiation.  A  systematic  approach  for  enumer¬ 
ating  acceptabie  regrasping  sequences  has  been 
developed,  and  this  permits  us  to  identify  those  pat¬ 
terns  of  finger  movement  that  allow  continual  reori¬ 
entation  of  objects  acknowledging  friction  limits, 
object  weight,  and  object  orientation. 


1.10.3  Experiments  on  Human  Perception 
and  Controi 

Human  Pertormance  In  Controlling  Normal 
Forces  of  Contact 

The  Human  Haptics  Group  at  MIT  has  investigated 
the  ability  of  humans  in  actively  controlling  contact 
forces  with  normal  and  locally  anesthetized 
fingertips.^  The  effect  of  force  magnitude,  time- 
profiles  of  forces,  and  visual  feedback  has  been 
studied.  The  experiments  consisted  of  tracking 
constant,  linear-ramp  and  sinusoidal  time-profiles  of 
forces  applied  on  a  custom-built  six-axis  force 
sensor.  In  most  of  the  experiments,  visual  feed¬ 
back  was  provided  by  displaying  on  a  computer 
monitor  the  time-profiles  of  both  the  desired  target 
forces  and  actual  forces  exerted  by  the  subjects. 
Some  experiments  on  maintaining  constant  force 
were  conducted  without  visual  feedback. 

The  results  show  that  for  a  constant  target  force, 
the  mean  error  in  tracking  remained  approximately 
constant  with  respect  to  force  magnitude  when 
visual  feedback  was  present,  but  increased  with 
target  force  magnitude  in  the  absence  of  vision. 
The  lack  of  tactile  feedback  due  to  local  anesthesia 
caused  the  error  to  increase  by  25  to  80  percent. 
Higher  force  rates  also  generally  increased  the  per¬ 
centage  of  error.  Among  the  three  target  profiles, 
the  constant  force  had  the  least  error.  For  a  given 
force  rate,  the  errors  for  the  sinusoidal  and  ramp 
targets  were  about  the  same.  A  design  specification 
that  emerges  from  these  results  is  that  haptic  inter¬ 
faces  for  virtual  environments  and  teleoperation 
must  have  a  force  resolution  of  about  0.01  Newton 
at  low  force  rates  to  make  full  use  of  human  haptic 
capabilities. 


Human  Performance  In  Controling  Torque 

The  human  ability  to  control  torque  has  been  inves¬ 
tigated  in  preliminary  experiments  with  the  Instru¬ 
mented  ScrewDriver  (ISO).  The  ISO,  comprised  of 
a  single  shaft  which  is  supported  by  low  friction 
bearings,  is  connected  to  a  reaction  torque  sensor 
and  a  magnetic  particle  brake.  Angular  position  of 
the  shaft  is  measured  by  an  incremental  optical 
encoder.  In  this  set  of  experiments,  the  subjects 
were  asked  to  grasp  the  handle  between  the  thumb 
and  index  finger  and  turn  the  shaft  ciodwise  at  a 
constant  velocity.  At  a  ce'^^  point  during  this 
maneuver,  the  resistive  tore  ding  on  the  shaft 

was  increased  in  the  form  c  sharp  step  of  vari- 
abie  magnitude.  When  the  step  change  in  resistive 
torque  occurred,  the  initial  motion  ceased  while  the 
subject  increased  the  applied  torque.  After  this 
time  delay,  motion  of  the  shaft  resumed  and  con¬ 
tinued  until  the  experiment  was  over.  The  results 
show  that  the  time  delay  increased  approximately 
linearly  with  resistive  torque,  indicating  that  the  sub¬ 
jects  increased  the  applied  torque  at  an  almost  con¬ 
stant  rate  until  shaft  motion  resumed.  Increasing 
standard  deviations  about  the  mean  applied  torque 
after  the  delay  indicated  that  increases  in  the 
resistive  torque  level  cause  decreases  in  the  human 
ability  to  control  torque. 


1.10.4  Processing  of  Tactile  Information 
Obtained  by  Touching  an  Object  with  a 
Tool 

The  Yale  group  has  recorded  and  analyzed  tactile 
signals  delivered  to  a  single  fingerpad  in  contact 
with  a  tool  (a  stylus)  that  strikes  objects  of  differing 
compliance.  One  end  of  the  stylus,  attached  to  a 
sen/ocontrolled  torque  motor,  rested  against  the 
restrained  fingerpad  of  the  subject  and  exerted  a 
base  force  of  about  0.2  Newton.  The  other  end  of 
the  stylus  was  struck  with  a  rubber  object  whose 
compliance  was  varied.  The  force  exerted  by  the 
stylus  against  the  skin  upon  impact  with  the  object 
was  recorded.  In  a  series  of  experiments,  this 
signal  was  edited  slightly  and  "played  back"  under 
servocontrol  of  force  by  the  motor  through  the 
stylus.  The  subject  judged  the  magnitude  of  sub¬ 
jective  softness  by  assigning  a  number  (the  m'^thod 
of  Magnitude  Estimation).  On  certain  trials,  the 
back  end  of  the  stylus  was  struck  with  a  rubber 
object  by  the  experimenter  while  on  other  trials  the 
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motor  played  back  a  signal  that  had  been  previ¬ 
ously  recorded.  In  addition  to  judging  the  magnitiK^e 
of  softness,  the  subjects  made  a  two-altemative 
forced  choice  as  to  whether  the  tactile  signal  was 
"live”  or  "played  back."  Results  demonstrated  that 
the  subjects  were  unable  to  make  this  discrimi¬ 
nation  above  the  level  of  chance  performance.  This 
meant  that  the  tactile  signals  played  back  by  the 
motor  felt  natural  and  represented  those  generated 
when  a  stylus  is  struck  by  a  compliant  object. 

A  series  of  experiments  in  which  the  recorded 
traces  were  filtered  or  otherwise  edited  demon¬ 
strated  that  the  critical  signal  associated  with  the 
compliance  of  an  object  was  the  slope  of  the  rising 
phase  of  the  force  trace.  This  feature  was  more 
important  than  others  such  as  peak  amplitude  or 
higher  frequency  oscillations  in  the  signal.  In  the 
future,  these  signals  will  then  be  delivered  to  the 
cutaneous  receptive  fields  of  mechanoreceptors  to 
learn  how  tool-generated  tactile  information  is  trans¬ 
duced  and  how  associated  neuronal  events  in 
sensory  pathways  are  processed  by  the  brain 
during  haptic  performance. 
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1.11  Virtual  Environment  Technology 
for  Training  (VETT) 

Sponsor 

U.S.  Navy  -  Naval  Training  Systems 
Center 

Contract  N61339-93-M-1213 
Contract  N61339-93-C-00S5 
Contract  N61339-93-C-0083 


The  VETT  program  consists  of  five  related  research 
projects  that  include  a  virtual  environment  (VE) 
system  that  serves  as  a  research  testbed  and  four 
satellite  projects.  The  testbed  and  two  of  the  satel¬ 
lites,  sensorimotor  adaptation  and  improved  haptics 
interfaces,  are  underway  at  RLE.  Research  on  the 
whole  body  motion  satellite  Is  being  conducted  at 
the  Graybiel  Laboratory  of  Brandeis  University,  and 
the  training  satellite  research  is  being  conducted  at 
Bolt,  Beranek  and  Newman,  Inc.,  of  Cambridge. 
This  report  will  cover  the  VETT  testbed,  the 
sensorimotor  satellite,  and  the  haptics  Interface  sat¬ 
ellite. 


1.11.1  VETT  Testbed 
Project  Staff 

Dr.  David  Zeltzer,  Dr.  Jeng-Feng  Lee,  Walter  A. 
Aviles,  Rakesh  Gupta,  Erik  Nygren,  Nicholas  Pioch 

The  first  two  phases  of  the  first  year  of  the  VETT 
Testbed  effort  have  been  completed  as  scheduled. 
All  major  computational  and  human/machine  inter¬ 
face  systems  have  been  procured,  installed,  and 
tested.  Computational  equipment  Includes  an  SGI 
2-processor  ONYX  system  with  VTX  graphics  sub¬ 
system,  two  SGI  lndigo2  Extremes  (one  procured 
under  another  grant),  a  486  PC,  and  a  Macintosh 
Centris  660AV,  all  installed  in  a  networked  environ¬ 
ment.  Interface  devices  include  a  color  video 
projection  system  capable  of  field-interlaced  stereo 
display,  a  Virtual  Research  EYEGEN3  color  helmet 
mounted  display,  a  three-sensor  Polhemus 
FASTRAK  position/orientation  sensing  system,  a 


VPL  Datagiove,  a  PHANToM  3-axis  desktop  force- 
reflecting  ha^  interface  device,  and  a 
BEACHTRON  sound  spatialization  system  from 
Crystal  River  Engineering. 

A  demonstration  virtual  environment— a  three- 
dimensional  model  of  the  VETT  Testbed 
laboratory— has  been  implemented  and  tested  with 
ail  interface  devices.  Frame  rates  for  the  demon¬ 
stration  VE  are  approximately  40Hz  for  bi-ocular 
viewing  (same  image  presented  to  each  eye)  and 
20Hz  for  stereoscoi^  viewing. 

Plans  for  the  remainder  of  the  first  year  include:  (1) 
characterization  of  testbed  performance  (update 
rate  and  lag);  (2)  implementation  of  a  prototype 
version  of  the  currently  envisioned  first  testbed- 
based  training  task  (vehicle  dynamics  training);  (3) 
configuration  of  the  testbed  (I.e.,  architecture, 
layout,  and  Instrumentation)  to  support  precisely 
controlled  psychophysical  experiments  and  device 
evaluations;  (4)  addition  of  speech-based  control; 
and  (5)  Incorporation  of  additional  visual,  auditory, 
and  haptic  Interface  devices. 


1.11.2  Sanaorimotor  Satalllt* 

Project  Staff 

Nathaniel  I.  Duriach,  Professor  Richard  M.  Held,  Dr. 
Thomas  E.  WIegand,  Julien  B.  Beasley,  Evan  F. 
Wies 

Since  the  start  of  the  VETT  project,  we  have 
assembled  all  the  equipment  required  for  the 
planned  experiments.  This  equipment  consists  of  a 
planar  four-degree-of-freedom  (DOF)  manlp- 
ulandum  and  a  visual  display  mounted  in  a  viewing 
box.  The  display  Is  mounted  In  such  a  way  that  the 
vteual  image  representing  the  state  of  the  manip- 
ulandum  (I.e.,  the  subject's  hand  that  Is  grasping 
the  manipulandum)  ai^ars  In  the  plane  of  the 
manipulandum.  The  relation  between  the  state  of 
the  manipulandum  and  the  visual  Image  repres¬ 
enting  the  manipulandum  are  under  the  control  of  a 
Macintosh  computer  and  can  be  programmed  to 
simulate  various  types  of  distortions,  delays,  and 
stochastic  disturbances  (noises)  that  are  likely  to 
arise  in  virtual-environment  training  systems. 

We  have  built  two  separate  jointed-arm 
manipulanda  for  use  in  the  proposed  sensorimotor 
experiments.  Each  device  has  four  DOFs  (x,  y, 
twist,  and  squeeze)  in  a  planar  operating  range  of 
about  10  by  14  inches.  Manipulandum  number  1 
also  includes  a  brake  on  the  squeeze  dimension  to 
simulate  the  presence  of  an  object  between  the  grip 
pads.  Manipulandum  number  2  was  constructed  of 
thin-walled  aluminum  tubing  (without  the  brake)  to 
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minimize  the  mass  of  the  moving  elements.  Which 
manipulandum  will  be  used  will  depend  on  the 
detailed  requirements  of  the  specific  experiment 
under  consideration. 

During  the  last  half  of  the  first  year,  we  expect  to 
complete  a  set  of  preliminary  experiments  in  which 
we  introduce  spatial,  temporal,  and  stochastic  alter¬ 
ations  corresponding  to  the  limitations  of  available 
interface  devices.  These  data  will  enable  us  to 
make  informed  choices  of  technical  tradeoffs  and 
will  also  allow  us  to  begin  developing  a  model  for 
predicting  the  effects  of  such  alterations. 

A  further  component  of  the  second  half  of  the 
year's  research  effort  concerns  the  investigation  of 
sensorimotor  performance  involving  spatial  auditory 
targets.  This  work  will  include  Installation  of 
enhanced  spatial  tracking  hardware  and  planning  of 
experiments  to  be  conducted  with  the  new  auditory 
dispiay  equipment  being  developed  at  Crystal  River 
Engineering  (CRE)  for  delivery  during  the  second 
year. 


1.11.3  Haptics  SatellitA 

Project  Staff 

Or.  J.  Kenneth  Salisbury,  Or.  Mandayam  A. 
Srinivasan,  Or.  David  L  Brock,  Gerald  L. 
Beauregard.  Nick  Swarup,  Craig  B.  Zilles,  Thomas 
H.  Massie 

During  the  first  half  of  the  first  year,  we  have  devel¬ 
oped  device  hardware  and  interaction  software  and 
performed  psychophysical  experiments  pertaining  to 
haptic  interactions  with  virtual  environments.  The 
Haptics  laboratory  space  in  RLE  has  been  reorgan¬ 
ized  and  outfitted  with  new  test  and  computer 
equipment  as  originally  proposed.  Two  major 
devices  for  performing  psychophysical  experiments, 
the  Linear  and  Planar  Graspers,  have  been  exten¬ 
sively  refurbished  with  improved  mechanics  and 
sensors.  A  new  force-reflecting  gripper  to  be 
mounted  on  the  planar  grasper  has  been  con¬ 
structed  and  is  currently  being  interfaced.  Another 
haptic  display  device  developed  previously,  the 
PHANToM,  has  been  used  to  prototype  a  wide 
range  of  force-based  haptic  display  primitives,  it 
permits  precisely  controllable  forces  to  be  exerted 
on  a  user's  fingertip  through  a  thimble  connection 
and  allows  simple  tool  interactions  through  a  stylus¬ 
like  grip.  Copies  of  this  device,  along  with  demon¬ 
stration  software,  were  delivered  to  Naval  Air 
Warfare  Center  Training  Systems  Division 
(NAWCTSO)  at  the  end  of  December  1993  and  to 
the  VETT  Testbed  in  January  1994. 


in  preparation  for  the  design  of  a  tool-handle  haptic 
interface  suitable  for  a  large  workspace,  a  full-scale 
mockup  has  been  fabricated  to  determine  work¬ 
space  constraints.  An  analysis  of 

force/inertia/friction  requirements  of  the  device 
aimed  at  specifying  kinematic,  structural  and 
actuator  requirements  has  been  initiated.  In  addi¬ 
tion,  an  operational  prototype  of  a  powered  screw¬ 
driver  tool-handle  has  been  built  and  interfaced  to 
provide  an  early  reality  check  on  the  tool-handle 
concept  and  fe^back  useful  for  design  of  the  full 
scale  version.  At  the  MIT  Newman  Laboratory,  final 
commissioning  and  testing  of  the  instrumentation 
and  control  package  was  done  for  MANUS,  a 
5-DOF  haptic  interface  device  with  workspace  com¬ 
parable  to  the  human  arm,  and  a  data  communica¬ 
tion  link  was  established  between  MANUS  and 
MANTA,  a  2-DOF  haptic  interface  device. 

We  have  developed  software  for  the  demonstration 
of  haptic  displays  with  the  PHANToM,  such  as 
Interactions  with  virtual  pushbuttons,  sliding  friction 
and  surface  texture  displays,  virtual  screw  turning, 
and  virtual  grasping,  as  well  as  2-per8on  haptic 
Interactions  with  two  PHANToMs.  Software  has 
also  been  developed  for  performing  new  psycho¬ 
physical  experiments  with  the  Linear  Grasper.  Fol¬ 
lowing  analysis  of  the  data  obtained  In  previous 
experiments  on  the  compliance  just  noticeable  dif¬ 
ference  (JND)  and  Its  relationship  to  the  discrimi¬ 
nation  of  mechanical  work  and  terminal  force,  a 
new  series  of  experiments  for  measuring  human 
discriminabllity  of  compliance  and  work  done  have 
been  initiated. 

During  the  remaining  portion  of  the  first  year,  we 
plan  to  further  characterize  human  performance  in 
the  discrimination  of  fundamental  mechanical  prop¬ 
erties  of  objects  such  as  compliance,  viscosity  and 
inertia.  This  requires  additional  hardware  improve¬ 
ments  to  the  linear  grasper,  such  as  the  mounting 
of  tachometers  and  accelerometers.  Other  hard¬ 
ware  developments  consist  of  the  addition  of  the 
force  reflecting  gripper  to  the  Planar  Grasper  to 
permit  pick-and-place  tasks,  and  the  design  and 
construction  of  tool-handle  prototypes  1  and  2.  We 
will  provide  support  for  the  interfacing  of  the 
PHANToM  into  the  Testbed  and  the  performance  of 
psychophysical  experiments  under  multimodal  con¬ 
ditions.  Our  haptic  display  software  efforts  will 
focus  on  two  areas,  the  packaging  of  display  algo¬ 
rithms  for  transfer  to  Testbed  use,  and  the  explora¬ 
tion  of  new  display  techniques  for  evoking  more 
subtle  contact  events  and  states,  such  as  surface 
microtexture,  stiction,  rigidity,  and  edge  sharpness. 
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1.12  The  Virtual  Sailor:  Synthetic 
Humans  for  Virtual  Environments 

Sponsor 

U.S.  Navy  -  Office  of  Naval  Research 
Grant  N00014-92-J-4005 

Project  Staff 

Dr.  David  Zeltzer,  Svetlana  Gaffron 


1.12.1  Project  Overview 

Many  virtual  environment  (VE)  applications,  such  as 
a  system  for  training  team  members  to  perform 
vehicle  maintenance,  call  for  the  representation  and 
display  of  interactive,  realtime  synthetic  humans, 
which  we  call  virtual  actors.  To  do  this,  we  need  to 
develop  adaptive  and  efficient  computational 
models  of  human  motor  behavior. 

In  the  past  year,  we  have  undertaken  a  research 
program  designed  to  identify  the  basic  issues 
involved  in  developing  a  system,  which  we  call 
SkillBuilder,  for  computer-aided  design  of  motor 
skills  for  virtual  actors.  The  skill  builder  will  allow 
us  to  implement  a  generic  human  model  and  train  it 
to  adaptively  execute  new  skills,  such  as  handling 
and  operating  a  particular  tool.  As  part  of  this  effort, 
we  have  impiemented  a  model  of  visually-guided 
reaching  and  grasping  and  controllers  for  human 
head  and  eye  movement  based  on  psychophysical 
studies.  We  have  demonstrated  that  these  models 
can  support  realistic,  realtime  interaction  with 
human  VE  participants.” 

Real-time,  interactive  behavior  models  would  be  of 
little  use  without  appropriate  human  interface  soft¬ 
ware  that  supports  task  level  interaction  using 
speech  and  gestures.  In  addition  to  our  work  on 
SkillBuilder,  therefore,  we  have  also  developed  an 
architecture  that  we  believe  will  support  task  level 


interaction  using  a  restricted  natural  language  inter¬ 
face.  This  work  is  based  on  our  previous  work  on 
reactive  planning  systems,'^  as  well  as  the  natural 
language  research  of  Schank  and  colleagues  in  the 
earfy  1970s,”  efforts  to  develop  a  language  for 
specifying  human  behavior  in  a  clinical  setting,” 
and  the  notion  of  affordances  first  described  J.J. 
Gibson.” 

Finally,  in  addition  to  modeling  human  motor 
behavior  for  virtual  actors,  it  is  important  to  correctly 
capture  human  appearance,  especially  when 
close-up  interactions  are  required.  Therefore,  we 
have  also  continued  our  efforts  to  develop  accurate, 
realtime  finite  element  models  (FEM)  of  human 
facial  tissue.  This  year  we  have  developed  a  set  of 
motor  programs  that  coordinate  the  actions  of  our 
finite  element  model  of  the  human  face,  such  that 
we  can  display  a  range  of  facial  expressions.  Since 
we  cannot  u^ate  the  FEM  in  realtime,  we  have 
also  develop^  a  method  for  pre-computing  a  set  of 
key  expressions  and  later  playing  them  back  in 
realtime. 


1.12.2  Real-Time,  Multimodal  Interaction 
With  Virtual  Actors 

The  long-range  goal  of  this  work  is  to  implement  a 
virtual  environment  that  includes  autonomous  and 
interactive  synthetic  humans.  These  virtual  actors 
should  be  capable  of  interacting  with  human  partic¬ 
ipants  in  the  VE,  as  well  as  with  simulated  objects 
and  events  in  the  VE.” 

On  July  30,  1993,  we  were  able  to  demonstrate  a 
prototypical  virtual  actor  capable  of  responding,  in 
realtime,  to  physical  interaction  with  human  partic¬ 
ipants  using  position-sensing  devices.  In  addition, 
this  virtuai  actor  also  performed  interactive, 
realtime,  visually-guided  grasping  and  reaching 
behaviors.  Finally,  the  actor  was  capable  of  respon¬ 
sive  head  and  eye  movements.  Not  only  could  it 


M  S.  Gaffron,  SkillBuilder:  A  Motor  Program  Design  Tool  for  Virtual  Actors,  S.M.  thesis,  Dept,  of  Mech.  Eng.,  MIT,  1994. 

B7  D.  Zeltzer  and  M.  Johnson,  'Motor  Planning:  Specifying  and  Controlling  the  Behavior  of  Autonomous  Animated  Agents,’  J.  Ws. 
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M  R.c.  Schank,  'Conceptual  Information  Processing,'  (New  York:  American  Elsevier  Publishing  Company,  1975);  R.C.  Schank,  and 
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track  target  objects  with  realistic  head  and  eye 
movement,  but  if  a  human  were  to  wear  a  head- 
mounted  position-sensor,  the  actor  would  maintain 
eye  contact  with  the  human  as  he  or  she  movedP* 

While  there  are  a  small  number  of  human-modeling 
efforts  underway  elsewhere  in  the  U.S.  and  Europe, 
our  work  is  unique  because  of  our  focus  on 
realtime,  adaptive,  multimodal  interaction,  rather 
than  offline  scripting  of  behaviors. 


1.12.3  Task  Level  Interaction  With  Virtual 
Actors 

In  earlier  work  we  developed  and  implemented  a 
reactive  planner,  which  we  call  the  skill  network,  for 
adaptively  selecting  and  executing  behavior 
modules,  called  motor  skills,  in  order  to  satisfy 
some  motor  goal,  say,  "Go  to  the  door  and  open  it.” 
To  do  this,  however,  we  need  to  identify  the  motor 
skills  explicitly  and  implicitly  required  to  accomplish 
the  given  motor  act.  We  call  this  process  motor 
goal  parsing  (MGP),  and  this  year  we  have 
designed  an  architecture  to  support  this  process. 

While  most  humans  are  capable  of  seemingly 
effortless  manipulation  of  ordinary  objects  in 
everyday  life,  computational  models  of  such 
behavior  must  account  for  affordances  of  objects 
and  motor  equivalence.  That  is,  given  a  command 
that  names  one  or  more  objects  in  the  virtual  world, 
how  can  a  virtual  actor  compute  at  runtime  whether 
and  how  the  named  objects  can  be  manipulated? 
Next,  once  the  virtual  actor  has  determined  that  an 
object  can  be  manipulated,  the  appropriate  effector 
system  must  be  selected.  For  example,  can  the 
object  be  grasped  with  one  hand  or  must  both  arms 
be  employed? 

In  the  past  year,  we  have  described  the  represen¬ 
tations  we  feel  are  necessary  to  transform  descrip¬ 
tions  of  everyday  activities  into  a  series  of  motor 
goals  that  can  be  executed  by  the  skill  network.  To 
account  for  motor  equivalence  and  the  affordances 
of  objects  in  the  environment,  we  have  specified 
an  effector-free  set  of  task  primitives  to  be  used  as 
an  intermediate  representation  in  the  parsing 
process,  and  we  have  outlined  the  process  of  motor 
goal  parsing.^2  It  is  our  intention  to  implement  this 
architecture  in  the  coming  year. 


1.13  Research  on  Improved  Sonar 
Displays:  A  Human/Machine 
Processing  System 

Sponsor 

U.S.  Navy  -  Office  of  Naval  Research 
Grant  N0001 4-93-1-1 198 

Project  Staff 

Dr.  David  Zeltzer,  Nathaniel  I.  Durlach,  Dr.  Jeng- 
Feng  Lee,  Megan  C.  Jasek 

A  decrease  in  the  perceived  threat  from  former 
Soviet-bloc  countries  and  an  increasing  threat  from 
quiet,  comparatively  low-cost,  diesel/electric  subma¬ 
rines  and  swimmer  delivery  vehicles  have  resulted 
in  strong  emphasis  on  littoral  region  sunreillance 
and  anti-submarine  warfare  by  the  U.S.  Navy.  The 
inshore,  shallow-water  environment,  however,  is 
extremely  challenging  for  passive  and  active 
acoustic  sensor  systems.  Many  of  the  simplifi¬ 
cations  used  in  modeling  and  interpreting  deep¬ 
water  acoustic  propagation  do  not  hold  in  the  highly 
reverberant,  range  dependent  and  noisy  littoral 
environment.  Due  to  these  factors,  not  only  must 
new  sensors  and  sensor  processing  methods  be 
developed,  but  also  new  human-machine  pro¬ 
cessing  systems  (HMPS)  which  best  present  and 
exploit  existing  sensor  systems.  Emerging  remote 
presence  and  virtual  environment  technologies  and 
techniques  now  provide  sufficient  framework  to 
support  the  type  of  multi-modal,  interactive  human- 
machine  processing  systems  that  are  envisioned. 

Ideally,  a  general-purpose  HMPS  would  allow 
viewing  and  interaction  with  received  sonar  signals 
in  light  of  sonar  system  configuration  and  perfor¬ 
mance  information,  a  reasonable  acoustic  propaga¬ 
tion  model,  current  information  about  the  undersea 
environment,  and  information  about  the  overall  tac¬ 
tical  situation.  The  HMPS  would  receive  two 
classes  of  input  signals.  The  first  consists  of  the 
outputs  of  underwater  acoustic  sensing  systems 
(both  active  and  passive).  The  second  consists  of 
the  outputs  of  auxiliary  systems  designed  to 
produce  continuously  updated  information  on  the 
state  of  the  surface  environment  (e.g.,  ship  posi- 


71  D.T.  Chen,  S.D.  Pieper,  S.K.  Singh,  J.M.  Rosen,  and  0.  Zeltzer.  The  Virtual  Sailor:  An  Implementation  of  Interactive  Human  Body 
Modeling, *  Proceedings  of  the  Virtual  Realify  IntemaVonal  S^posium,  Seattle  Washington,  September  18-22,  1993;  S.K.  Singh  and 
S.D.  Pieper,  'Control  and  Coordination  of  Head,  Eyas  and  Facial  Expressions  of  Virtual  Actors  in  Virtual  Environments,’  Proceedings 
of  the  IEEE  International  Workshop  on  Robot  and  Human  Communication,  Tokyo,  Japan,  November  3-5, 1993. 

72  D.  Zeltzer  and  M.  Johnson,  'Virtual  Actors  and  Virtual  Environments;  Defining,  Modeling  and  Reasoning  about  Motor  Skills,’  in  Inter¬ 
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tions)  and  the  underwater  environment  (e.g.,  sound 
velocity  profiles). 

It  is  assumed  that  the  first  class  of  signals  arises 
from  both  active  sources  in  the  environment  and 
from  reflections  of  sonar  signals  off  objects  in  the 
environment  and  that  these  sounds  and  reflections 
can  arise  in  connection  with  hostile  targets  such  as 
submarines  and  swimmer-delivery  vehicles,  as  well 
as  various  types  of  clutter,  including  biologicals, 
decoys,  and  commercial  traffic.  (In  this  document, 
we  use  the  word  clutter  to  refer  not  only  to  reflec¬ 
tions  of  sonar  energy  off  "irrelevant"  objects,  but 
also  to  interfering  active  sources.)  The  output  of  the 
HMPS  is  envisioned  as  consisting  of  a  probabilistic 
description  of  the  current  environmental  situation 
structured  and  displayed  spatially  utilizing  multiple 
sensory  modalities  in  a  manner  that  is  well-matched 
to  the  decision/action  space  for  command  and 
control.  This  display  would  not  only  facilitate  anal¬ 
ysis  of  incoming  real-time  sonar  data  but  also  help 
sonar  personnel  understand  the  acoustical  propaga¬ 
tion  characteristics  and  tactical  import  of  the  current 
undersea  environment. 

Within  this  general  context,  this  research  is  con¬ 
cerned  with  (1)  determining  the  optimum  processing 
for  the  HMPS  to  perform  on  the  input  signals,  (2) 
the  manner  in  which  automatic  machine  processing 
on  the  one  hand  and  processing  by  the  human 
sensory  systems  and  the  human  brain  on  the  other 
hand  can  best  be  combined,  and  (3)  how  to  display 
signals  to  the  human  operator  to  optimize  the 
human  processing.  Although  the  focus  will  be  on 
the  last  of  these  three  topics,  all  of  these  are  suffi¬ 
ciently  intertwined  so  that  consideration  of  the  first 
two  cannot  be  entirely  eliminated  without  severely 
limiting  the  usefulness  of  the  results. 

As  a  first  step  in  the  development  of  a  general 
purpose  HMPS,  we  will  concentrate  on  real-time, 
interactive  display  methodologies  for  ship-based 
active  sonars.  Sonar  signals  will  be  synthetically 
generated  and  their  propagation  through  the 
shallow-water  environment  will  be  modeled.  Inputs 
to  the  general  acoustic  model  include  bottom  char¬ 
acteristics  and  water  column  data  affecting  the 
range  and  depth  dependent  sound  velocity  profile. 
In  addition,  a  minimum  of  one  acoustic  source  and 
two  receivers  will  be  modeled.  Major  source  and 
receiver  parameters  which  may  be  varied,  in  addi¬ 
tion  to  the  number  of  sources  and  receivers,  include 
location,  frequency  response,  and  directional  gain 
characteristics. 

Once  we  have  an  appropriate  model  and  testbed 
system  up  and  running,  we  will  then  begin  to 
explore  display  configurations  that  present  informa¬ 
tion  that  we  believe  is  particularly  relevant  to  deter¬ 


mining  the  features  of  the  acoustic  signal  space 
that  are  important  for  ASW  and  present  this  infor¬ 
mation  in  a  manner  that  takes  account  of  both  the 
strengths  and  weaknesses  of  the  human  processing 
system  and  the  new  technology  that  is  now  being 
developed  in  the  area  of  human-  machine  inter¬ 
faces  for  virtual  environment  and  teleoperator 
systems. 

Using  available  technologies,  the  testbed  HMPS  will 
allow  modification  of  the  following: 

•  Characteristics  of  the  displays  (in  various 
modalities), 

•  Relevant  undersea  environment  characteristics, 

•  Number,  position  and  operating  characteristics 
of  sonar  system  elements, 

•  Number,  position,  and  characteristics  of  clutter 
elements, 

•  Number,  position  and  operating  characteristics 
of  targets. 

A  variety  of  spatially  oriented  representation  tech¬ 
niques  will  be  developed  and  evaluated  against 
existing  display  techniques  (such  as  "waterfall" 
techniques)  for  detection  and  classification  perfor¬ 
mance.  Among  the  issues  to  be  considered  in  this 
proposed  research  are  the  following: 

1.  How  best  to  combine  human  and  machine  pro¬ 
cessing  to  capitalize  on  the  humans  relatively 
good  ability  to  perform  complex  pattern  recog¬ 
nition  tasks  and  to  rapidly  adapt  to  changing 
conditions,  while  simultaneously  compensating 
for  the  humans  relatively  poor  ability  to  store 
large  amounts  of  unencoded  sensory  data  and 
perform  large  amounts  of  computation  rapidly; 

2.  How  best  to  combine  visual  and  auditory  dis¬ 
plays  to  capitalize  on  the  respective  strengths 
of  these  two  modalities; 

3.  How  best  to  present  intersensor  correlation 
information  along  with  single-sensor  informa¬ 
tion; 

4.  How  best  to  exploit  the  sense  of  immersion 
and  the  ability  to  manipulate  the  observers 
point  of  view  that  can  be  provided  by  virtual 
environment  display  systems; 

5.  How  best  to  partition  and  display  information  to 
groups  of  humans  as  weli  as  single  individ¬ 
uals;  and 

6.  How  best  to  incorporate  decision  support  aids 
for  localization  and  identification  of  sonar 
signals. 
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During  the  first  half  of  the  first  year,  we  have  evalu*  tion  model  for  use  in  the  program.  Design  of  the 

ated  a  number  of  undenwater  acoustic  propagation  preliminary  human/machine  interface  is  currently 

models,  and  we  have  selected  a  simplified  propaga-  underway. 


(Center  at  left)  Senior  Research  Scientist  Nathaniel  i.  Durlach,  (center  at  right)  Professor  Louis  D.B.  Braida, 
and  other  staff  members  and  students  of  RLE's  RLE  Sensory  Communication  Group,  some  wearing  the 
group's  research  devices.  Clockwise  from  left,  Visiting  Scientist  Yun  Shao,  Research  Specialist  Hong  Z. 
Tan,  student  Ross  A.  Yu,  Research  Specialist  Lorraine  A.  Delhome,  graduate  student  Barbara  G.  Shinn- 
Cunningham,  Reseach  Assistant  Walter  A.  Aviles,  Administrative  Secretary  Eleanora  M.  Luongo,  Visiting  Sci¬ 
entist  Min  Wei,  and  Administrative  Secretary  Ann  K.  Dix. 
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1.1  Introduction 

Research  on  the  auditory  system  is  carried  out  in 
cooperation  with  two  laboratories  at  the  Massachu¬ 
setts  Eye  and  Ear  Infirmary  (MEEI).  investigations 
of  signal  transmission  in  the  auditoiy  system  involve 
the  Eaton-Peabody  Laboratory  for  Auditory  Physi¬ 
ology,  whose  long-term  objective  is  to  determine 
the  anatomical  structures  and  physiological  mech¬ 
anisms  that  underlie  vertebrate  hearing  and  to 
apply  this  knowledge  to  clinical  problems.  Studies 
of  cochlear  implants  in  humans  are  carried  out  at 
the  MEEI  Cochlear  Implant  Research  Laboratory. 
Cochlear  implants  electrically  stimulate 
intracochlear  electrodes  to  elicit  patterns  of  auditory 
nen/e  fiber  activity  that  the  brain  can  learn  to  inter¬ 
pret.  The  ultimate  goal  for  these  devices  is  to 
provide  speech  communication  for  the  profoundly 
deaf. 


1.2  Signal  Transmission  in  tho  External 
and  Middle  Ear 

The  goal  of  our  work  is  to  understand  the  relation¬ 
ship  between  the  structures  of  the  external  and 
middle  ear  and  their  functions. 


1.2.1  Structure-Function  Relations  In 
Middle  Ears 

Sponsor 

National  Institutes  of  Health 
Grant  R01 -DC-001 94-11 

Project  Staff 

Dr.  John  J.  Rosowski,  Professor  William  T.  Peake, 
Michael  E.  Ravicz,  David  A.  Steffens 

The  middle-ear  is  a  key  link  in  the  hearing  process, 
in  normal  hearing,  sound  signals  are  delivered  to 
the  inner  ear  by  the  middle  ear.  Disease,  age,  and 
injury  can  degrade  the  performance  of  the  middle 
ear.  In  part  of  our  work,  we  investigate  the  relation¬ 
ship  between  the  structures  of  the  middle-ear  air 
space  and  tympanic-membrane  and  the  function  of 
the  middle  ear.  We  are  making  joint  anatomical  and 
physiological  measurements  in  a  series  of  rodent 
and  cat  species  with  different  tympanic  membrane 
and  middle-ear  air-space  morphologies.  We  will 
also  use  similar  methods  in  cats  to  investigate 
whether  the  response  of  the  cochlea  is  completely 
determined  by  the  difference  in  pressure  across  the 
two  cochlear  windows. 

In  the  last  year,  we  have  moved  towards  our  goal  In 
the  following  ways: 


1  Research  Afffliate,  Massachusetts  Eye  and  Ear  Infirmary,  Boston,  Mwsachusetts. 
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1.  We  have  analyzed  our  measurements  on 
middle-ear  cavity  and  tympanic  membrane 
function  and  incorporated  the  results  into  a 
paper  presenting  new  measurements  of  the 
middle-ear  input  impedance  in  cats^  and  into  a 
model  of  the  mammalian  external  and  middle 
ear.3  These  analyses  support  the  theory  that 
the  primary  effect  of  middle-ear  cavities  is  con¬ 
sistent  with  a  "series"  model.  The  cavities 
impede  the  volume-velocity  of  sound  at  the 
tympanic  membrane  but  have  little  effect  on 
how  the  membrane  and  ossicles  respond  for  a 
given  volume  velocity.  An  additional  analysis 
of  anatomical  and  physiological  measurements, 
made  on  many  mammalian  species,  points  out 
that  different  species  have  greatly  different 
middle-ear  cavity  impedances  and  that  the  rela¬ 
tive  magnitudes  of  the  impedance  of  the  cavity 
and  the  impedance  of  the  rest  of  the  ear  varies 
widely  among  mammals.^ 

2.  We  have  taken  the  "series"  model  and  our  data 
a  step  further  and  analyzed  the  effect  of  vari¬ 
ations  in  middle-ear  volume  on  auditory  thresh¬ 
olds  in  a  desert  rodent  (the  Mongolian  gerbil).^ 
This  analysis  suggests  that  the  middle-ear 
cavity  in  a  gerbil  plays  a  large  role  in  limiting 
low-frequency  auditory  thresholds  even  though 
the  cavity  has  a  volume  larger  than  the  brain 
case.  This  conclusion  is  contrary  to  the  sug¬ 
gestion  that  the  large  middle-ear  cavities  of 
these  and  other  specialized  desert  rodents 
have  evolved  to  permit  maximum  sensitivity  to 
low-frequency  sound. 

3.  A  series  of  new  measurements  tested  the 
"classic"  assumption  that  the  inner  ear 
responds  to  the  sound-pressure  difference 
between  the  oval  and  round  window.®  The 
external  and  middle  ears  of  cats  were  prepared 
so  that  we  could  independently  control  the 
magnitude  and  phase  of  the  sound  pressure  at 
the  two  cochlear  windows.  The  cochlear 


potential,  measured  with  a  round-window 
electrode,  was  our  indicator  of  cochlear 
response.  The  potential  was  determined  with 
sound  stimuli  presented  at  both  or  either 
cochlear  window.  The  results  indicate  that  the 
difference  in  sound  pressure  at  the  windows  is 
clearly  the  primary  stimulus  to  the  cochlear 
potential. 

The  results  of  our  work  have  direct  significance  to 
our  understanding  of  human  disease,  animal 
ethology,  and  the  basic  hearing  process.  Chronic 
and  acute  otitis  media  are  very  common  causes  of 
hearing  dysfunction.  One  significant  effect  of  these 
diseases  is  a  reduction  in  the  air  volume  of  the 
middle  ear.  This  reduction  can  be  transiently 
caused  by  the  accumulation  of  fluid  or  more  perma¬ 
nently  produced  by  the  accumulation  of  debris 
within  the  middle  ear  or  actual  alterations  in  the 
bony  walls  of  the  cavity.  Our  work  will  enable  a 
clearer  understanding  of  the  role  of  the  middle-ear 
air  spaces  in  both  normal  and  diseased  ears. 

The  ethological  issues  we  are  testing  concern  the 
role  of  enlarged  middle-ear  air  spaces.  Our  work 
on  a  number  of  rodent  species  and  a  wide  selection 
of  cat  species  will  test  the  popular  idea  that  large 
middle-ear  air  spaces  represent  an  adaptation  to 
arid  environments. 

Our  work  on  specification  of  the  effective  stimulus 
to  the  inner  ear  also  has  direct  clinical  conse¬ 
quences  in  that  surgeons  routinely  manipulate  the 
pressure  difference  between  the  cochlear  windows 
when  they  reconstruct  severely  diseased  middle 
ears.  Our  new  measurements  support  the  efficacy 
of  such  procedures.  Furthermore,  the  results  of  our 
measurements  have  implications  for  our  funda¬ 
mental  understanding  of  inner  ear  mechanisms. 
Any  indication  that  the  cochlea  is  sensitive  to  stimuli 
other  than  the  difference  in  sound  pressure  at  the 
cochlear  windows  will  require  basic  changes  in 
cochlear  theories. 


2  T.J.  Lynch  III,  W.T.  Peake,  and  J.J.  Rosowski,  "Measurements  of  the  Acoustic  Input  Impedance  of  Cat  Ears:  10  Hz  to  20  kHz,"  J. 
Acoust.  Soc.  Am.,  forthcoming. 

3  J.J.  Rosowski,  "Models  of  External  and  Middle-Ear  Function.'  in  The  Springer  Handbook  on  Auditory  Research,  Volume  6:  Auditory 
Computation,  ads.  H.L.  Hawkins,  T.A.  McMullen,  A.N.  Popper,  and  R.R.  Fay  (New  York:  Springer-Verlag,  forthcoming). 

*  J.J.  Rosowski,  "Outer  and  Inner  Ear,"  in  The  Springer  Handbook  on  Auditory  Research,  Volume  4:  Comparative  Mammalian  Hearing, 
eds.  A.N.  Popper,  and  R.R.  Fay  (New  York:  Springer-Verlag,  forthcoming). 

5  M.E.  Ravicz  and  J.J.  Rosowski.  "The  Effect  of  Middle-Ear  Cavity  Size  on  Acoustic  Power  Flow  in  the  Ear  of  the  Mongolian  Gerbil,"  in 
Abstracts  of  the  Seventeenth  Midwinter  Meeting  of  the  Asssciation  for  Research  in  Otolaryngology,  February  6-10, 1994,  p.  145. 

s  S.E.  Voss,  J.J.  Rosowski,  and  W.T.  Peake,  "Is  the  Pressure  Difference  Between  the  Oval  and  Round  Windows  the  Stimulus  for 
Cochlear  Responses?"  in  Abstracts  of  the  Seventeenth  Midwnter  Meeting  of  the  Association  for  Research  in  Otolaryngology,  Feb¬ 
ruary  6-10, 1994,  p.  87. 
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1.2.2  Basic  and  Clinical  Studies  of 
Middle-Ear  Function 

Sponsor 

National  Institutes  of  Health 

Grant  P01-DC001 19  Sub-Project  1 
Grant  F32-DC00073-2 

Project  Staff 

Dr.  John  J.  Rosowski,  Professor  William  T.  Peake, 
Dr.  Sunil  Puria,  Michael  E.  Ravicz 

Our  goal  of  understanding  the  relationship  between 
the  structure  and  function  of  the  auditory  periphery 
includes  defining  the  effect  of  middle  and  external 
ear  pathologies  on  auditory  function.  To  help 
achieve  this  goal,  we  have  continued  measure¬ 
ments  of  function  in  human  ears  using  temporal- 
bones  donated  at  the  time  of  death,  and  we  have 
applied  the  models  we  determined  from  our  animal 
work  to  questions  concerning  middle-ear 
pathologies  and  treatments. 

Dr.  Puria  has  led  a  project  to  measure  the  pressure 
transfer  function  of  the  human  middle  ear.^  The 
excised  temporal  bones  were  prepared  to  allow 
reproducible  placement  of  a  calibrated  sound 
source  and  microphone  in  the  ear  canal  together 
with  a  miniature  hydrophone  in  the  cochlear 
vestibule.  The  preparation  procedure  included  the 
placement  of  "flush"  tubes— one  near  the  round 
window,  the  other  in  the  vestibular  canals— to  keep 
the  cochlea  fluid  filled.  These  measurements 
suggest  that  the  human  middle  ear  acts  as  a  band¬ 
pass  pressure  amplifier  with  a  maximum  gain  of 
about  20  dB  between  1  and  5  kHz.  At  lower  fre¬ 
quencies,  the  gain  is  roughly  proportional  to  fre¬ 
quency;  at  higher  frequencies  the  gain  decreases 
as  frequency  increases. 

With  the  help  of  our  clinical  associates  at  the  Mass¬ 
achusetts  Eye  and  Ear  Infirmary,  we  have 
expanded  our  analysis  of  previous  models  of  dis¬ 
eased  and  reconstructed  middle  ears.  The  results 
of  these  analyses  were  presented  at  two  confer¬ 
ences*  where  we  suggested  that  small  modifica¬ 
tions  in  current  surgical  procedures  could  lead  to 


improved  hearing  results.  These  modifications 
included:  stapes  prostheses  with  larger  areas, 
maintaining  a  volume  of  at  least  0.5  cc  for  the 
reconstructed  middle-ear  cavity,  and  stiffer  grafts  for 
isolating  the  round  window  from  sound. 


1.3  Cochlear  Mechanisms 

Sponsor 

National  Institutes  of  Health 
Contract  P01-DC00119 
Grant  R01-DC00238 
Gramt  R01-DC00473 

Project  Staff 

Professor  Thomas  F.  Weiss,  Dr.  Dennis  M. 
Freeman,  Dr.  Devang  M.  Shah,  C.  Cameron  Abnet, 
Henry  E.  Chung,  C.  Quentin  Davis,  Lisa  F.  Shatz 

Our  goal  is  to  study  the  mechanisms  by  which  the 
motions  of  macroscopic  structures  in  the  inner  ear 
produce  motions  of  the  mechanically  sensitive  hair 
bundles  of  sensory  receptor  (hair)  cells.  Because 
of  its  strategic  location,  the  tectorial  membrane 
must  play  an  important  role  in  the  mechanical  stim¬ 
ulation  of  hair  bundles.  However,  there  have  been 
few  direct  observations  of  the  tectorial  membrane, 
and  its  critical  properties  remain  obscure. 

Previously,  we  have  measured  osmotic  responses 
to  isosmotic  solutions  of  different  sodium, 
potassium,  and  calcium  concentration  in  the  iso¬ 
lated  chick  tectorial  membrane.  That  work  has 
been  submitted  for  publication.”  However,  the  struc¬ 
ture  and  biochemical  composition  of  the  tectorial 
membrane  shows  considerable  diversity  across 
species.  Therefore,  during  the  past  year  we  have 
investigated  the  physicochemical  properties  of 
tectorial  membranes  isolated  from  the  lizard  and 
mouse  cochlea  using  the  same  techniques.  Bas¬ 
ically,  in  this  procedure  we  dissect  the  tectorial 
membrane  from  the  cochlea,  place  It  in  a  chamber 
through  which  solutions  of  known  composition  are 
perfused.  The  tectorial  membrane  is  decorated  with 
microscopic  latex  beads  whose  three-dimensional 
motions  in  response  to  solution  changes  are  meas- 


f  S.  Puria,  J.J.  Rosowski,  and  W.T.  Peake,  'Middle-Ear  Pressure  Gain  In  Humans,*  in  Biophysics  of  Hair  Call  Sansory  Syslams,  eds. 
H.  DuHhuis,  J.W.  Horst,  P.  van  Dijk,  and  S.  van  Netlen  (River  Edge,  New  Jersey:  World  Sdentific  Publishing  Co.,  19SG). 

>  S.N.  Merchant,  J.J.  Rosowski,  and  M.E.  Ravicz.  *Acoustic<d  Aspects  of  Type  IV  and  V  Tympanopiasty,'  paper  presented  at  the 
Meeting  of  the  American  Academy  of  Otolaryngology,  Head  and  Neck  Surgery,  MinneapoUs,  Minnesota,  October  3-8,  1993;  JJ. 
Rosowski,  'Analyses  of  Middle-Ear  Reconstructive  Techniques,*  paper  prasantad  at  the  Meeting  of  the  American  Oto-Neurologic 
Society,  Minneapolis,  Minnesota,  October  2, 1993. 

»  D.M.  Freeman,  D.A.  Cotanche,  F.  Ehsani,  and  T.F.  Weiss,  The  Osmotic  Response  of  the  Isolated  Tectorial  Membrane  of  the  Chick 
to  Isosmotic  Solutions:  Effect  of  Na*.  K*,  and  Ca>^  Concentration,*  submitted  to  Hear.  Ras. 
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ured  automatically  with  a  system  consisting  of  a 
compound  microscope.  CCD  camera,  video 
digitizer,  and  workstation.  Results  for  ail  three 
species  (chick,  lizard,  and  mouse)  show  that 
increasing  calcium  concentration  from  the  low 
values  (20  /imoi/L)  typical  for  the  solution  that 
bathes  the  tectorial  membrane  in  situ  (endolymph) 
to  the  higher  concentrations  (2  mmol/L)  found  in 
normal  extracellular  fluids  causes  the  tectorial  mem¬ 
brane  to  shrink  with  a  time  course  of  about  five 
minutes.  The  shrinkage  is  largely  reversed  when 
calcium  concentration  is  lowered  but  with  a  slower 
time  course  (tens  of  minutes). 

Tectorial  membranes  from  all  three  species  also 
swell  when  isosmotic,  high-sodium  solutions  are 
substituted  for  high-potassium  solutions.  However, 
the  magnitude  of  this  response  is  much  greater  for 
the  chid(  (mean  of  135  percent)  than  for  either  the 
mouse  (mean  of  14  percent)  or  the  lizard  (mean  of 
10  percent).  Swelling  in  high-sodium  solutions  is  at 
least  partially  reversed  on  return  to  high-potassium 
solutions.  However,  irreversible  changes  result 
during  long-duration  (60-minutes)  exposures  to 
high-sodium  solutions  that  give  rise  to  large 
swelling  responses. 

Our  results  are  consistent  with  the  simple  hypoth¬ 
esis  that  the  tectorial  membrane  is  a  polyelectrolyte 
gel  with  fixed  ionizable  charge  groups  that  can  bind 
ions  differentially.  This  picture  of  the  tectorial  mem¬ 
brane  is  similar  to  that  for  other  connective  tissues: 
the  binding  of  ions  modulates  the  fixed  charge 
density  which  changes  the  concentration  of  counter 
ions  in  the  tissue  and  hence  its  wuter  content. 

The  shrinkage  and  swelling  of  the  tectorial  mem¬ 
brane  in  response  to  changes  in  ion  concentration 
may  have  implications  for  hearing.  For  example,  a 
number  of  factors  are  known  to  change  ion  compo¬ 
sition  of  the  lymphs  including  acoustic  overstimu¬ 
lation,  anoxia,  systemic  administration  of  ethacrynic 
acid,  or  perfusion  of  the  cochlea  with  ouabain,  etc. 
Our  results  show  that  changes  in  the  ionic  composi¬ 
tion  of  th€  oath  can  lead  to  changes  in  the  structure 
of  the  tt  ctorial  membrane.  Changes  in  its  structure 
are  likely  to  cause  changes  in  the  delivery  of  the 
mechanical  stimulus  to  the  hair  cells  and  hence  to 
affect  hearing. 


1.3.1  Publication 

Freeman,  D.M.,  D.A.  Cotanche,  F.  Ehsani,  and  T.F. 
Weiss.  The  Osmotic  Response  of  the  Isolated 
Tectorial  Membrane  of  the  Chick  to  Isosmotic 
Solutions:  Effect  of  Na*,  K*,  and  Ca**  Concen¬ 
tration.”  Submitted  to  Hear.  Res. 


1.4  Stimulus  Coding  In  the  Auditory 
Nerve  and  Cochlear  Nucleus 

Sponsor 

National  Institutes  of  Health 
Grant  P01-DC00119 
Grant  T32-DC00038P 

Project  Staff 

Dr.  Bertrand  Delgutte,  Dr.  Peter  A.  Cariani 

We  are  investigating  the  neural  mechanisms  under¬ 
lying  auditory  perce^n  at  the  level  of  the  auditory 
nenre  and  cochlear  nucleus.  In  the  past  year,  we 
have  focused  on  temporal  patterns  of  neural  dis¬ 
charge  that  convey  pitch  and  speech  information. 
These  temporal  patterns  are  analyzed  by  recording 
the  responses  of  auditory  nerve  fibers  and  cochlear 
nucleus  neurons  In  anesthetized  cats.  All-order 
interspike  interval  distributions  (autocorrelation 
histograms)  are  computed  and  the  properties  of 
these  distributions  are  compared  with  psychophys¬ 
ical  data. 

Our  previous  results  had  shown  that  the  pitch  of  a 
complex  tone  corresponds  to  the  most  frequent 
interspike  interval  in  the  auditory  nerve  for  a  wide 
variety  of  stimuli.  Responses  of  cochlear  nucleus 
units  to  the  same  stimuli  were  recorded  to  deter¬ 
mine  whether  pitch  might  also  be  represented  by 
interspike  interval  patterns  there.  Virtually  all  single 
units  in  the  cochlear  nucleus  that  responded  to  the 
stimuli  showed  pitch-related  intenrais,  and  these 
were  usually  the  most  frequent  in  the  distribution. 
Thus,  cochlear  nucleus  units  might  convey  pitch 
information  to  more  central  auditory  stations 
through  an  interspike  interval  code. 

We  have  continued  our  investigation  of  the  neural 
mechanisms  underlying  the  perceptual  segregation 
of  concurrently-presented  vowels.  Human  listeners 
identify  pairs  of  concurrent  voweis  better  when  they 
differ  in  fundamental  frequency  (FO)  than  when  they 
have  the  same  FO.  Previously  we  had  found  that 
the  constituents  of  a  vowel  pair  coukJ  be  identified 
from  the  aggregate  interspike  interval  distributions 
of  the  auditory  nerve  with  an  accuracy  comparable 
to  human  perceptual  judgements.  During  the  past 
year,  we  seeked  to  explain  how  vowel  identification 
might  be  improved  for  pairs  with  different  FOs 
without  requiring  an  explicit  determination  of  FO. 
We  found  that  differences  in  FO  create  changing 
alignments  in  the  onsets  of  vowel  periods,  and  that 
these  changing  alignments  create  transient  changes 
in  interspike  interval  distributions  of  auditory-nerve 
fibers.  One  possibility  is  that  these  changes  allow 
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the  auditory  system  to  perform  a  spectral  analysis 
over  relatively  short  (5-10  ms)  time  windows  and 
integrate  these  analyses  over  time  to  identify  the 
vowel  constituents.  Along  these  lines,  we  devel¬ 
oped  a  new  algorithm  for  identifying  the  constitu¬ 
ents  of  a  double  vowel  from  running  interspike 
interval  distributions.  This  algorithm  is  consistent 
with  human  perceptual  data  showing  effects  of 
period  asynchronies  on  the  identification  of  concur¬ 
rent  vowels. 


1.4.1  Publication 

Delgutte  B.,  P.  Cariani  and  M.J.  Tramo,  "Neuro¬ 
physiological  Correlates  of  the  Pitch  of  Complex 
Tones."  J.  Acoust.  Soc.  Am.  93:  2293  (1993). 


t.4.2  Binaural  Interactions  in  Auditory 
Brainstem  Neurons 

Sponsor 

National  Institutes  of  Health 
Grant  P01-DC001 19 

Prolect  Staff 

Dr.  Bertrand  Delgutte,  Dr.  John  J.  Guinan,  Jr.,  Dr. 
John  J.  Rosowski 

Several  acoustic  cues  are  important  for  sound  local¬ 
ization,  including  interaurai  time  (ITD),  interaural 
level  (ILD)  differences,  and  spectral  shape.  In  col¬ 
laboration  with  Dr.  T.C.T.  Yin  and  his  colleagues  at 
the  University  of  Wisconsin  in  Madison,  we  are 
studying  the  relative  contribution  of  these  cues  to 
the  directional  sensitivity  of  neurons  in  the  inferior 
colliculus  (1C).  The  activity  of  single  units  was 
recorded  in  anesthetized  cats  in  response  to  "virtual 
space"  (VS)  stimuli  delivered  through  closed 
acoustic  systems.  These  stimuli  were  generated  by 
passing  broadband  noise  through  digital  filters  con¬ 
structed  from  head-related  transfer  functions  meas¬ 
ured  in  one  cat.  We  focused  on  high-CF  ( >  5  kHz) 
units,  which  are  likely  to  be  sensitive  to  spectral 
features. 

The  sensitivity  of  neurons  to  stimuli  whose  virtual 
position  varied  along  the  horizontal  and  vertical 
planes  generally  resembled  that  found  in  previous 
free-field  studies.  For  most  units,  responses  to 
monaural  VS  stimuli  were  less  directional  than 
those  for  binaural  stimuli,  suggesting  that  binaural 
interactions  were  important  for  the  directional 
response  of  these  neurons.  The  type  of  binaural 
interactions  (e.g.,  EE,  El,  or  mixed)  determined  with 
VS  stimuli  was  consistent  with  that  found  for 
broadband  noise. 


We  also  generated  modified  VS  stimuli  in  which 
one  or  more  of  the  localization  cues  (ITD,  ILD,  or 
spectrum)  were  set  constant  for  all  locations.  For 
example,  "0-ITD"  stimuli  were  constructed  by 
delaying  the  waveform  in  the  leading  ear  to  set  the 
ITD  to  zero  for  every  azimuth.  "Delta-ITD"  stimuli 
were  created  by  takir>g  the  waveforms  for  the  posi¬ 
tion  directly  in  front,  then  introducing  the  appro¬ 
priate  ITD  for  each  azimuth.  Results  suggest  that, 
for  most  of  these  high-CF  units,  ILD  is  the  most 
potent  cue,  followed  by  spiral  shape,  then  by 
ITD.  These  results  are  consistent  with  human  psy¬ 
chophysical  experiments  showing  the  dominance  of 
ILD  cues  for  high-frequency  stimuli.  At  a  more 
general  level,  our  results  demonstrate  the  useful¬ 
ness  of  virtual-space  techniques  for  bridging  the 
gap  between  free-fiekj  studies  of  the  directional 
sensitivity  of  neurons  and  dichotic  studies  of  ITD 
and  ILD  sensitivity. 


1.4.3  Publication 

Delgutte,  B.,  P.X.  Joris,  R.Y.  Litovsky,  and  T.C.T. 
Yin.  "Different  Acoustic  Cues  Contribute  to  the 
Directional  Sensitivity  of  Inferior-Colliculus 
Neurons  as  Studied  with  Virtual-Space  Stimuli." 
Abstracts  of  the  17th  Midwinter  Research 
Meeting  of  the  Association  for  Research  in 
Otolaryngology,  St.  Petersburg,  Florida,  Feb¬ 
ruary  6-10,  1994. 


1.4.4  Electrical  Stimulation  of  the  Auditory 
Nerve 

Sponsor 

National  Institutes  of  Health 
Grant  P01-DC00361 

Project  Staff 

Dr.  Bertrand  Delgutte,  Scott  B.C.  Dynes 

We  are  studying  physiological  mechanisms  of  elec¬ 
trical  stimulation  of  the  cochlea  because  this  infor¬ 
mation  will  help  design  improved  processing 
schemes  for  multiple-channel  cochlear  implants. 
During  the  past  year,  we  have  studied  auditory- 
nerve  fiber  correlates  of  interactions  observed 
psychophysically  when  pulsatile  electric  stimuli  are 
applied  in  rapid  succession.  We  measured  the 
responses  of  auditory-nerve  fibers  in  anesthetized 
cats  for  pairs  of  monophasic  pulses  separated  by 
short  intervals.  Results  show  that  neural  inter¬ 
actions  between  successive  current  pulses  occur  on 
three  different  time  scales: 
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1.  The  shortest  interactions  occur  when  the  first 

pulse  in  a  pair  is  subthreshold.  For  cathodic 
first  pulses,  the  threshold  for  following  cathodic 
pulses  was  decreased,  while  anodic  first  pulses 
increased  the  threshold  of  following  cathodic 
pulses.  These  results  are  qualitt^eiy  con¬ 
sistent  with  viewing  the  first  pulse  as  leaving  a 
residual  charge  on  the  neural  membrane,  '^e 
time  constant  of  these  capacitive  effects  is 
100-200  usee.  These  subthreshold  interactions 
are  likely  to  play  an  important  role  in  contin¬ 
uous  interleaved  sampling  (CIS)  processors  for 
cochlear  implants  b^use  most  pulses  are 
probably  subthreshold  in  this  situation,  so  that 
elicitation  of  a  spike  would  require  interaction 
over  multiple  pulses.  Particularly  interesting  is 
the  result  that  subthreshold  interactions  for 
biphasic  pulses  similar  to  those  used  in  CIS 
processors  cannot  be  predicted  from  simple 
ideas  about  charge  integration  by  the  neural 
membrane.  On  the  other  hand,  these  inter¬ 
actions  are  consistent  with  psychophysical  data 
showing  sensitization  for  biphasic  pulses  pre¬ 
ceded  by  either  anodic/cathodic  or 

cathodic/anodic  pulses.  Thus,  the  neural  and 

psychophysical  data  are  consistent  with  each 
other,  but  both  are  at  variance  with  current  the¬ 
oretical  conceptions  of  neural  excitation. 

2.  When  the  first  pulse  was  suprathreshold.  the 
threshold  for  the  second  pulse  was  found  to 
decrease  with  increasing  interpulse  delay,  as 
expected  from  the  refractory  properties  of 
nerve  fibers.  The  decrease  was  such  that  at  2 
msec  interpulse  delay,  the  threshold  for  the 
second  pulse  averaged  about  5  dB  greater 
than  the  threshold  for  a  single  pulse.  Thus, 
these  interactions  due  to  suprathreshold  pulses 
last  longer  than  subthreshold  interactions. 
These  suprathreshold  interactions  may  not 
severely  limit  the  performance  of  CIS  proces¬ 
sors  providing  that  there  is  a  sufficient  pool  of 
nerve  fibers  that  discharge  at  different  times 
(volley  principle). 

3.  In  addition  to  interactions  between  two  succes¬ 
sive  pulses,  further  results  provide  evidence  for 
the  existence  of  long-term  interactions  occur¬ 
ring  cumulatively  over  multiple  pulses. 
Because  these  multipulse  interactions  have  not 
been  systematically  characterized,  it  is  difficult 
at  this  point  to  assess  their  significance  for  CIS 


processors.  We  plan  to  examine  these  Inter¬ 
actions  in  more  detail  during  the  next  year. 


1.4.5  Publications 

Dynes.  S.B.C..  and  B.  Delgutte.  "Neural  Response 
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Electric  Pulses.”  Abstracts  of  the  17th  Midwinter 
Research  Meeting  of  the  ^sedation  for 
Research  in  Otolaryngology,  St.  Petersburg. 
Florida.  February  6-10. 1994. 

Rubinstein.  J.T..  and  S.B.C.  Dynes.  "Latency. 
Polarity,  and  Refractory  Characteristics  of  Elec¬ 
trical  Stimulation:  Models  and  Single-Unit  Data.” 
Abstracts  of  the  16th  Midwinter  Research 
Meeting  of  the  Association  for  Research  in 
Otolaryngology,  St.  Petersburg.  Florida.  Feb- 
mary  6-11, 1993,  p.  76. 


1.5  Interactions  of  Middle-Ear  Muscles 
and  Olivocochlear  Efferents 

Sponsor 

National  Institutes  of  Health 
Contract  P01  DC00119 

Project  Staff 

Dr.  John  J.  Guinan,  Jr. 

Our  aim  is  to  determine  the  actions  and  interactions 
of  acoustically  elicited  middle-ear  muscle  reflexes 
and  olivocochlear  efferent  reflexes. 

During  the  past  year,  we  have  analyzed  data  and 
prepared  for  publication  our  results  on  the 
innervation  of  the  stapedius  muscle.^o  In  a  previous 
study  using  intracellular  labeling  of  physiologically 
identified  stapedius  motoneurons,  we  showed  that 
there  is  functional  spatial  segregation  in  the 
stapedius  motoneuron  pool.''  In  the  same  animals, 
we  have  now  traced  each  sufficiently  labeled  axon 


10  S.R.  Wiener-Vacher,  J  J.  Guinan,  Jr.,  J.B.  Kobler,  and  B.E.  Norris,  'Motoneuron  Axon  Distribution  in  the  Stapedius  Musde  of  the  Cat; 
An  intraMlIular  Labeling  Study',  submitted  to  J.  Comp.  Neurol. 

11  S.R.  Vacher,  JJ.  Guinan,  Jr.,  and  J.B.  Kobler,  'Intracellularly  Labeled  Stapedius-Motoneuron  Cell  Bodies  in  the  Cat  Are  Spatially 
Organized  According  to  Their  Physiologic  Responses,*  J.  Cotrtp.  Neurol.  289: 401-41S  (1989). 


402  RLE  Progress  Report  Number  136 


Chapter  1.  Signal  Transmission  in  the  Auditory  System 


into  the  stapedius  muscle  to  determine  whether  a 
similar  functional  spatial  segregation  is  present 
within  the  muscle.  Ten  labeled  axons  of 
physiologically  identified  stapedius  motoneurons 
were  visible  in  the  facial  nen/e  and  five  could  be 
traced  to  endplates  within  the  stapedius  muscle.  In 
one  case,  a  stap^ius  motoneuron  innervated  only 
a  single  muscle  fiber;  we  think  that  this  is  the  first 
documented  case  of  such  remarkably  fine-grained 
motor  innervation.  Overall,  there  were  39  oteerved 
branches  from  the  five  axons  (we  may  have  missed 
others).  This  indicates  an  average  innervation  ratio 
(27.8)  which  is  much  higher  than  that  obtained 
from  present  estimates  of  the  numbers  of  stap^ius 
motoneurons  and  muscle  fibers.  Muscle  fibers 
innervated  by  a  single  axon  were  spread  over  a 
wide  area  in  the  muscle,  suggesting  that  spatial 
segregation  in  the  stapedius  muscle  is  unlikely. 
Thus,  the  reasons  for  the  central  functional  spatial 
segregation  in  the  stapedius  motoneuron  pool  are 
more  likely  related  to  organizing  factors  which  origi¬ 
nate  in  the  brain  rather  than  to  organizing  factors 
which  originate  in  the  muscle. 


1.5.1  Publication 

Wiener-Vacher,  S.R.,  J.J.  Guinan,  Jr.,  J.B.  Kobler, 
and  B.E.  Norris.  "Motoneuron  Axon  Distribution 
in  the  Stapedius  Muscle  of  the  Cat:  An  Intracel¬ 
lular  Labeling  Study."  Submitted  to  J.  Comp. 
Neurol. 


1.6  Cochlear  Efferent  System 

Sponsor 

National  Institutes  of  Health 
Grant  2R01  DC00235 

Protect  Staff 

Michael  P.  McCue,  Konstantina  Stankovic 

Our  aim  is  to  understand  the  physiological  effects 
produced  by  efferents  in  the  mammalian  inner  ear 
inciuding  medial  olivocochlear  efferents  which  termi¬ 
nate  on  outer  hair  cells  and  lateral  efferents  which 
terminate  on  auditory-nerve  fibers. 


During  the  past  year,  we  have  analyzed  data  and 
prepared  for  publication  results  on  our  newly- 
discovered  class  of  vestibular  primary  afferent 
neurons,  fibers  which  respond  to  sounds  at  moder¬ 
ately  high  sound  levels.'^  Like  their  cochlear 
homologues,  these  vestibular  afferent  fibers  receive 
efferent  projections  from  brain-stem  neurons.  We 
have  explored  efferent  influences  on  the  back¬ 
ground  activity  and  tone-burst  responses  of  the 
acoustically-responsive  vestibular  afferents.  Shock- 
burst  stimulation  of  efferents  excited  acoustically- 
responsive  vestibular  afferents;  no  inhibition  was 
seen.  A  fast  excitatory  component  built  up  within 
100-200  ms  of  shock-burst  onset  and  decayed  with 
a  similar  time  course  at  the  end  of  each  shock 
burst.  During  repeated  400  ms  shod^  bursts  at  1 .5 
s  inten/als,  a  slow  excitatory  component  grew  over 
20-40  s  and  then  decayed,  even  though  the  shock 
bursts  continued.  Efferent  stimulation  excited 
acoustically-responsive  vestibular  afferents  without 
appreciably  affecting  their  sound-evoked  responses. 
This  provides  strong  evidence  that  the  excitation  is 
due  to  efferent  syn2ipses  on  afferent  fibers  instead 
of  efferent  synapses  on  hair  cells.  Efferent  stimu¬ 
lation  enhanced  the  tone-induced  within-cycle  mod¬ 
ulation  of  discharge  rate  (i.e.,  increased  the  a.c. 
gain)  without  changing  the  degree  of  phase  locking 
to  low  frequency  tones  as  measured  by  the  syn¬ 
chronization  index;  i.e.,  there  was  little  or  no 
improvement  in  the  bidirectionality  (linearity)  of 
nerve  fiber  output.  The  acoustically-responsive 
vestibular  afferents  provide  a  mammalian  model  for 
studying  purely  excitatory  efferent  effects  in  a  hair 
cell  system.  Anatomically,  these  vestibular  efferent 
synapses  resemble  lateral  olivocochlear  efferent 
synapses  on  cochlear  nerve  fibers,  which  suggests 
that  lateral  efferents  may  have  an  excitatory  effect. 
A  paper  describing  these  results  has  been  sub¬ 
mitted. 

During  the  past  year,  we  have  begun  work  on  a 
project  to  com|:^re  efferent-evoked  effects  on 
auditory-nerve  fibers  with  different  spontaneous 
rates.  We  have  implemented  and  done  preliminary 
experiments  with  a  paradigm  in  which  auditory- 
nerve-fiber  rate  versus  sound  level  functions  with 
and  without  efferent  excitation  are  obtained  with 
randomized  presentation  of  both  the  sound  levei 
and  the  presence  of  efferent  stimulation. 


12  M.P.  McCue,  and  J.J.  Guinan,  Jr.,  'Acoustic  Responses  from  Primary  Afferent  Neurons  of  the  Mammaiian  Saccuius,.'  Assoc.  Res. 
Otolaryngol.  Abstr  I6:  33  (1993). 

0  M.P.  McCue,  and  J.J.  Guinan,  Jr.,  'Influence  Of  Efferent  Stimulation  On  Acoustically-Rasponsive  Vestibular  Afferents  in  the  Cat,' 
submitted  to  J.  Neurosci. 
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1.6.1  Publications 

McCue,  M.P.,  and  J.J.  Guinan,  Jr.  "Acoustic 
Responses  from  Primary  Afferent  Neurons  of 
the  Mammalian  Sacculus.”  Assoc.  Res. 
Otolaryngol.  Abstr.  16:  33  (1993). 

McCue,  M.P.,  and  J.J.  Guinan,  Jr.  "Acoustically- 
Responsive  Fibers  in  the  Vestibular  Nerve  of  the 
Cat."  Submitted  to  J.  Neurosci. 

McCue,  M.P.,  and  J.J.  Guinan,  Jr.  "Influence  Of 
Efferent  Stimulation  On  Acoustically-Responsive 
Vestibular  Afferents  in  the  Cat."  Submitted  to  J. 
Neurosci. 


1.7  Cochlear  Implants 

Sponsor 

National  Institutes  of  Health 
Grant  P01-DC00361 
Contract  NO1-DC2-2402 

Project  Staff 

Or.  Donald  K.  Eddington,  Or.  William  M.  Rabinowitz, 
Dr.  Jay  T.  Rubinstein,  Joseph  Tierney,  Marc  A. 
Zissman 


1.7.1  Project  A:  Models  of  Current  Spread 
and  Nerve  Excitation  During  Intracochlear 
Stimulation 

Project  Staff 

Dr.  Donald  K.  Eddington,  Dr.  Jay  T.  Rubinstein 

The  basic  function  of  a  cochlear  prosthesis  is  to 
elicit  patterns  of  activity  on  the  array  of  surviving 
auditory  nerve  fibers  by  stimulating  electrodes  that 
are  placed  in  and/or  around  the  cochlea.  By  modu¬ 
lating  patterns  of  neural  activity,  these  devices 
attempt  to  present  information  that  the  implanted 
subject  can  learn  to  interpret.  The  spike  activity 
patterns  elicited  by  electrical  stimulation  depend  on 
several  factors:  the  complex,  electrically  heteroge¬ 
neous  structure  of  the  cochlea,  geometry  and 
placement  of  the  stimulating  electrodes,  stimulus 
waveform,  and  distribution  of  excitable  auditory 
nerve  fibers.  An  understanding  of  how  these 
factors  interact  to  determine  the  activity  patterns  is 


fundamental  to  designing  better  devices  and  inter¬ 
preting  the  results  of  experiments  involving 
intracochlear  stimulation  of  animal  and  human  sub¬ 
jects.  As  a  first  step  toward  this  understanding,  the 
goal  of  this  project  is  to  (1)  construct  a  software 
model  of  the  cochlea  that  predicts  the  distribution  of 
potential  produced  by  the  stimulation  of  arbitrarily 
placed,  intracochlear  electrodes  and  (2)  use  these 
potential  distributions  as  inputs  that  drive  models  of 
auditory  nenre  fibers. 

This  year,  we  refined  our  nonlinear,  single-unit 
model  to  include  a  passive,  myelinated  cell  body 
(see  figures  1  and  2).  Varying  the  membrane  capa¬ 
citance  and  resistance  to  simulate  variations  in  the 
myelination  of  the  cell  body  produces  profound 
effects  on  conduction.  Without  myelination,  spikes 
will  not  propagate  across  the  cell  body  unless 
voltage-sensitive  sodium  channels  are  present  in 
the  soma.  With  increasing  myelination,  spikes 
conduct  in  the  orthograde  direction  but  not 
retrograde  (see  figures  3  and  4).  A  model  cell  body 
with  myelin  thickness  comparable  to  that  of  the 
internode  propagates  spikes  in  both  directions. 
These  simulations  demonstrate  the  biophysical  fea¬ 
sibility  of  physiologically  obsen/ed,  somatic  spike 
rectification  and  implicate  the  anatomic  asymmetry 
of  the  nodes  of  Ranvier  adjacent  to  the  soma  as  a 
possible  mechanism. 

A  multichannel  stochastic  model  of  the  mammalian 
node  of  Ranvier  has  also  bean  developed.  This 
model  represents  N  sodium  channels  in  parallel 
with  a  membrane  capacitance  and  leakage  resist¬ 
ance.  Each  channel  consists  of  a  single-channel 
conductance  obtained  from  the  patch-clamp  and 
fluctuation  literature  and  a  gate  controlled  by  three 
m  (activation)  particles  and  one  h  (inactivation)  par¬ 
ticle.  Particle  open  and  closed  times  are  random 
(exponential  distribution)  with  mean  obtained  from 
the  reciprocal  of  the  particle's  rate  constant.  Thus 
the  open/closed  time  probability  density  functions 
are  time-varying.  The  model  has  been  tested  by 
substituting  Frankenhauser-Huxley  kinetics  and 
membrane  parameters  for  the  mammalian  data  and 
comparing  the  reiative  spread  of  threshold  (RS) 
predicted  by  the  model  with  that  measured  for 
peripheral  amphibian  nodes.  The  experimental 
data  are  very  closely  approximated  by  the  simu¬ 
lations.  This  is  the  first  direct  numerical  verification 
that  the  microscopic  sodium  channel  fluctuations 
are  sufficient  to  account  for  the  macroscopic  fluctu¬ 
ations  of  threshold  to  electrical  stimulation. 
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Struduro  of  Modal  for  the  Cat  Type  1  Spiral  Ganglion  Cell: 
17  nodes  of  Ranvier,  4  mm  total  length 


MeNpef'IIlM  dWribuied  drcutt  repreaentation  of  nodes, 

&  oeN  body 


Figure  2.  Node/internode  structure  of  the  single-unit  model.  Note  that  the  variable  conductance  at  the  internode  is  a 
nonlinear  function  based  on  the  characteristics  of  voltage  dependent  sodium  channels. 
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position  is  indicated  by  the  black  oval  and  the  cathodic,  monophasic  stimulus  waveform  is  shown  below  the  pictured 


model.  Note  that  the  spike  conducts  across  the  cell  body  in  the  orthograde  direction. 


Figure  4.  Computed  membrane  potential  as  a  function  of  time  for  the  pictured  model  nodes.  The  stimulating  electrode's 
position  is  indicated  by  the  black  oval  and  the  cathodic,  monophasic  stimulus  waveform  is  shown  below  the  pictured 
model.  Note  that  even  though  the  model  parameters  are  the  same  used  in  the  model  of  figure  3,  retrograde  conduction 
is  blocked  at  the  cell  body. 
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Figura  5.  Forward  masking  results  for  an  anodic-phasa-first,  biphasic  masker  followed  by  a  cathodic-phase-first, 
bi^asic  probe  (ao-ca).  Probe  threshold  is  plotted  in  dB  relative  to  the  nonmasked  threshold  and  as  a  function  of  the 
delay  between  the  ma^drer  and  the  probe.  The  subject  results  are  represented  by  the  symbols  and  the  sirtgle-unit  model 
predictions  by  the  solid  line. 


1.7.2  Project  B:  Psychophysics  of 
Intracochlear  Electrical  Stimulation 

Project  Staff 

Dr.  Donald  K.  Eddington 

One  goal  of  our  psychophysical  studies  is  to 
provide  insight  into  the  mechanisms  that  limit 
device  effectiveness.  Using  a  masking  paradigm, 
we  demonstrated  in  previous  years  that  electrical 
stimuli  delivered  simultaneously  by  two 
intracochlear  electrodes  produce  strong  interactions 
and  that  the  strength  of  these  interactions  across 
subjects  is  negatively  correlated  (ra-0.8)  with  their 
speech  reception  scores.  Processing  systems  that 
interleave  stimuli  in  time  reduce  these  interactions 
and  produce  improved  speech  reception  in  many 
subiects\u1\d.  This  year,  we  focused  on  measures 
of  forward  masking  to  investigate  the  strength  of 
nonsimultaneous  interactions. 

The  electrical  stimuli  used  in  the  fonvard  masking 
experiments  were  single,  charge-balanced  biphasic 
pulses  (phase  duration  50us)  presented  to  the 
same  intracochlear  electrode.  The  masker  ampli¬ 


tude  was  constant  at  -2  dB  below  the  unmasked 
threshold  with  the  anodic  phase  first  and  cathodic 
phase  second  (ac).  The  following  probe  stimulus 
was  presented  with  cathodic  phase  first  (ca),  and  its 
amplitude  was  varied  using  a  two-down,  one-up 
adaptive  procedure  in  a  three  alternative,  forced 
choice  context  to  measure  threshold.  For  this  ac-ca 
masker-probe  condition,  the  single-unit  model  pre¬ 
dictions  are  consistent  with  the  subject  data  (figure 
5).  The  subthreshold  masker  reduces  threshold  by 
as  much  as  6  dB  for  a  100  us  masker/probe  delay. 
This  effect  diminishes  virith  increased  delay  and  is 
negligible  for  delays  longer  than  800  us. 

The  data  plotted  in  figure  6  are  from  the  same 
sui^ect  using  a  cathodic-phase-first,  anodic-phase- 
second  masker.  In  this  condition  (ca-ca),  the 
meeker  tentte  to  decrease  threshold  less  than  the 
ac-ca  case  and  its  effect  lasts  longer  tfian  3  ms. 
Note  that  the  single-unit  model’s  prediction  for  the 
ca-ca  case  is  not  consistent  with  the  psychophys- 
icai  results.  This  inconsistency  will  be  explored  in 
future  single-unit  studies  in  a  cat.  Beesuse  the 
nonsimultaneous  interactions  are  significant,  we  are 
beginning  to  explore  stimulation  strategies  that  will 
minimize  their  impact. 
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Figure  6.  Forward  masking  results  for  an  cathodic-phase-first,  biphasic  masker  followed  by  a  cathodic-phase-first, 
biphasic  probe  (ca-ca).  Probe  threshold  is  piotted  in  dB  relative  to  the  nonmasked  threshold  and  as  a  function  of  the 
delay  between  the  masker  and  the  probe.  The  subject  results  are  represented  by  the  symbols  and  the  single-unit  model 
predictions  by  the  solid  line. 


1.7.3  Project  C:  New  Sound  Processors  for 
Auditory  Prostheses 

Project  Staff 

Dr.  Donald  K.  Eddington,  Dr.  William  M.  Rabinowitz, 
Joseph  Tierney,  Marc  A.  Zissman 

This  project  is  directed  at  the  design,  development, 
and  evaluation  of  speech  processors  for  use  with 
implanted  auditory  prostheses  in  deaf  humans. 
Work  this  year  has  focused  in  three  areas:  (1) 
developing  a  programmable,  real-time,  speech  pro¬ 
cessing  facility  that  can  implement 
processor/stimulator  algorithms  for  two  independent 
eight-channel  implants,  (2)  using  the  laboratory 
system  to  explore  new  sound  processing  algorithms 
in  interactive  test  sessions  with  implanted  subjects, 
and  (3)  designing  and  fabricating  a  programmable, 
wearable  speech  processor/stimulator  that  will  allow 
subjects  full-time  use  of  processor  algorithms  devel¬ 
oped  and  tested  in  our  laboratory  setting. 

One  focus  of  this  year's  testing  of  subjects  was  the 
exploration  of  input  automatic-gain  control.  The 
area  of  signal  level  control/compression  is  important 
in  cochlear  implant  systems  because  the  wide 
dynamic  range  of  acoustic  signals  (~100  dB)  must 
be  compressed  to  the  relatively  small  dynamic 
range  of  electrical  stimulation  (~25  dB). 


Using  a  real-time  digital  simulation  of  the  subjects' 
commercial  processor,  the  effects  of  systematic 
modifications  of  the  AQC's  dynamic  characteristics 
were  studied.  Certain  AQC  manipulations  have  pro¬ 
duced  substantial  increases  in  consonant  identifica¬ 
tion.  For  example,  on  the  identification  of  16 
intenrocalic  consonants  (/a/-C-/a/  tokens  from  the 
Iowa  videodisc),  one  sut^ect  moved  from  32 
percent  correct  with  the  standard  commercial  pro¬ 
cessor  to  52  percent  correct  when  the  AGO  release 
time  was  decreased  from  250  to  50  us.  A  second 
sut^ect  improved  from  35  to  68  percent  correct.  A 
third  subject,  who  is  an  excellent  performer  with  his 
standard  processor,  was  tested  with  24  consonants; 
his  score  increased  from  82  to  92  percent  correct. 
One  practical  reason  these  results  are  important  is 
because  they  suggest  relatively  simple  changes  in 
the  subjects'  commercial  processor  that  may  lead  to 
significant  improvements  in  speech  reception. 


1.7.4  Publication 

Wilson,  B.S.,  C.C.  Finley,  D.T.  Lawson,  R.D. 
Wolford,  D.K.  Eddington  and  W.M.  Rabinowitz. 
"Better  Speech  Recognition  with  Cochlear 
Implants."  A/afure352:  236-238  (1991). 
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Chapter  1.  Linguistics 


Academic  and  ftoMMch  staff 

Professor  Morris  Halte.  Professor  Noam  A.  Chomsky 


1.1  Introduction 

The  work  of  the  Linguistics  group  is  direded 
towards  a  better  understanding  of  the  mentai 
capacities  of  human  beings  through  the  study  of  the 
nature,  acquisition  and  use  of  language.  Langui^e 
is  a  uniquely  human  faculty:  only  humans  appear  to 
be  capable  of  learning  and  using  a  language,  and 
every  normal  human  acquires  knowledge  of  one  or 
more  languages. 

We  are  trying  to  understand  how  this  linguistic 
knowledge  is  represented  in  the  speaker’s  mind. 
The  central  issues  of  linguistics  research  are: 

1.  What  is  the  nature  of  linguistic  knowledge? 
What  do  speakers  of  a  particular  language 
such  as  Latvian,  Spanish  or  Walpiri  know,  and 
how  does  knowledge  of  one  language 
resemble  or  differ  from  that  of  another  lan¬ 
guage? 

2.  How  do  speakers  acquire  this  knowledge? 

3.  How  do  speakers  put  this  knowledge  to  use  in 
producing  and  understanding  utterarrces? 

4.  What  are  the  physiological  mechanisms  that 
provide  the  material  basis  for  storage,  acquisi¬ 
tion  and  utilization  of  linguistic  knowledge? 

Our  ability  to  answer  these  questions  differs  consid¬ 
erably,  and  our  research  reflects  these  differences. 
At  present,  we  have  progressed  further  with  regard 
to  answering  the  questions  posed  by  item  one  and 
have  made  less  progress  with  item  four.  Currently, 
our  research  is  heavily  concentrated  on  issues  con¬ 
cerned  with  the  nature  of  the  knowledge  that  char¬ 
acterizes  fluent  speakers  of  various  languages. 
However,  we  are  making  a  significant  effort  to  solve 
the  other  questions  also. 

We  are  studying  these  topics  along  a  number  of 
parallel  lines.  Linguists  have  investigated  the  prin¬ 
ciples  by  which  words  are  concatenated  to  form 
meaningful  sentences.  These  principles  have  been 
the  primary  domain  of  inquiry  into  the  disciplines  of 
syntax  and  semantics.  Phonology  studies  the 
sound  structure  of  words  while  morphology  exam¬ 
ines  the  manner  in  which  different  languages 
combine  different  meaning-bearing  units  (specif¬ 


ically,  stems,  prefixes,  suffixes  and  infixes)  to  form 
words.  The  latter  topic  has  attracted  increasing 
Interest  in  recent  years  and  will  probably  become 
more  prominent  in  our  research  efforts  in  the  future. 


1.2  Abstracts  of  Doctoral  Dissertations 

The  following  are  abstracts  of  dissertations  sub¬ 
mitted  in  1993  to  the  Department  of  Linguistics  and 
Philosophy  in  partial  fulfillment  of  the  requirements 
for  the  d^ree  of  Doctor  of  Philosophy  in  Linguis¬ 
tics. 


1.2.1  Binding  as  an  interface  Condition: 

An  investigation  of  Hindi  Scrambling 

Douglas  Arnold  Jones 

Mfstract 

This  thesis  provides  an  analysis  of  scrambling,  fol- 
lo^ng  the  Minimalist  program  of  Chomsky  1992, 
examining  Hindi  as  a  case  study  and  occasionally 
making  comparisons  with  Japanese. 

The  first  major  claim  is  that  there  are  two  kinds  of 
operations  that  yield  scrambling.  One  type,  called 
outer  scrambling,  is  an  operator-vari^e  con¬ 
struction  and  is  the  result  of  movement.  The  other 
type,  called  Inner  scrambling,  is  the  result  of 
several  conspiring  factors  that  allow  permutation 
without  movement.  These  factors  are  triggered  by 
(1)  the  strength  feature  of  functional  heads  (2) 
economy  principles  that  hold  at  phonological  form 
and  (3)  full  interpretation,  which  causes  the  Agr 
structure  to  be  deleted  after  its  agreement  relations 
have  been  established.  These  factors  cause  TnsP 
to  collapse  into  an  N-ary  branching  structure  con¬ 
taining  the  arguments  of  the  verb.  It  is  assumed 
that  linear  order  is  not  fixed  until  spellout.  There¬ 
fore,  the  N-ary  branching  structure  is  free  to  yield 
and  hence  no  trace  of  movement.  Inner  scrambling 
is  not  subject  to  reconstruction  effects.  Outer 
saambling,  since  it  is  an  operator-variable  con¬ 
struction,  is  subject  to  reconstruction  effects. 
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The  second  msyor  daim  is  that  the  subject  is 
special  in  that  at  least  part  of  it  must  raise  at  LF  to 
the  checking  domain  of  C  degrees.  If  the  subject 
cannot  be  split,  for  example,  when  the  subject  is  a 
monomorphemic  pronoun,  the  entire  subject  must 
raise.  The  result  is  a  novel  solution  to  a  problem 
for  the  minimalist  framework,  namely,  an  account  of 
how  both  strong  and  weak  aossover  may  be 
treated  as  interface  conditions  at  Logical  Form  in 
scrambling  constructions. 

Furthermore,  these  structures  are  integral  to  an 
account  which  captures  the  subject-orientation  of 
reflexive  anaphors.  The  account  also  captures  the 
lack  of  subject  orientation  for  reciprocal  anaphors. 


1.2.2  Topics  in  Ewe  Syntax 

Christopher  Thad  Collins 

Abstract 

This  thesis  analyzes  a  number  of  problems  in  Ewe 
syntax.  Its  goal  is  to  show  how  several  difficult 
problems  in  Ewe  syntax  have  natural  treatments  in 
the  generative  grammar  framework,  and  how  these 
problems  bear  on  current  theoretical  issues. 

Chapter  one  gives  a  brief  overview  of  the  assump¬ 
tions  that  are  adopted  in  this  thesis.  The  assump¬ 
tions  of  this  thesis  are  largely  those  of  Chomsky 
(1992)  and  Hale  and  Keyser  (1993). 

Chapter  two  gives  an  analysis  of  determiner  dou¬ 
bling  in  Ewe.  In  this  construction  the  third  person 
singular  object  pronoun  doubles  a  DP  that  does  not 
have  structural  case.  Determiner  doubling  as  ana¬ 
lyzed  as  a  kind  of  default  case  assignment.  Its 
precise  distribution  has  important  consequences  for 
the  grammar  of  Ewe,  including  the  analysis  of  serial 
verb  constructions  (SVCs),  the  verbal  noun  con¬ 
structions,  and  A'-movement. 

This  system  of  default  case  found  in  Ewe  will  be  sit¬ 
uated  in  a  general  theory  of  default  case,  including 
Yoruba  nr.  and  Russian  instrumental.  The  impli¬ 
cations  of  default  case  are  drawn  for  the  general 
theory  of  case  given  in  Chomsky  (1992). 

Chapter  three  gives  a  theory  of  serial  verb  con¬ 
structions  (SVCs).  The  main  assumptions  that  are 
made  are  that  SVCs  involve  LF  incorporation  and 
that  "argument  sharing"  is  mediated  by  empty  cate¬ 
gories.  These  two  assumptions  lead  to  an  account 
of  many  subtle  phenomena  concerning  SVCs. 

Chapter  four  gives  an  analysis  of  how  the  form  of 
the  third  person  singular  subject  pronoun  depends 
on  movement  to  Spec  CP.  The  analysis  is 


extended  to  successive  cyclic  movement,  where  it 
is  shown  that  principles  of  economy  of  derivation 
play  a  role. 


1.2.3  IMnlmallsm  In  Syntactic  Derivation 

Toshifusa  Oka 

Abstract 

This  thesis  proposes  a  theory  of  how  syntactic  deri¬ 
vations  are  constrained.  Within  the  minimalist 
program  of  Chomsky  1992,  linguistic  expressions 
are  optimal  realizations  of  interface  conditions. 
Optimal  derivations  have  minimal  cost.  The  cost  of 
a  derivation  is  determined  by  principles  of  economy. 

A  novel  formulation  of  the  system  of  economy  prin¬ 
ciples  is  proposed.  For  example,  the  shortest  steps 
principle  of  Chomsky  (1992)  is  replaced  by  the 
shallowness  principle,  which  requires  that  oper¬ 
ations  must  be  the  shallowest  in  the  phrase 
markers,  and  other  principles  such  as  the 
procrastinate  principle  are  redefined.  It  is  also  pro¬ 
posed  that  economy  principles  are  ordered  in  a 
certain  way.  Furthermore,  a  system  of  feature- 
checking  is  proposed,  generalizing  abstract  case  to 
PP  complements  and  adjuncts. 

As  a  consequence,  wh-movement  phenomena  that 
have  been  treated  as  independent  phenomena, 
including  the  superiority,  nesting,  and  ECP  effects, 
are  explained  within  a  system  based  purely  on 
economy  basis,  crosslinguistic  and  intralinguistic 
variations  being  derived  from  parameterized  mor¬ 
phological  properties. 


1.2.4  A/A'Bar  Partition  Derivation 

Hiroaki  Tada 

Abstract 

This  thesis  investigates  some  relations  of  the 
problem  of  A/A-bar  partition  of  movement  types  and 
the  proper  formulation  of  economy  principles. 

In  chapter  2, 1  will  explore  two  interrelated  problems 
of  scrambling.  The  first  one,  called  the  landing  site 
problem,  is  why  and  how  the  apparently  single 
operation  scrambling  behaves  A-movement  and 
A-bar-movement.  The  second  one,  called  the 
optionality  problem,  is  whether  scrambling  is  an 
optional  operation,  and  if  so,  why  it  can  violate  the 
last  resort  principle.  The  answer  to  the  first  ques¬ 
tion  leads  to  the  derivational  view  of  A/A-bar  parti¬ 
tion.  The  answer  to  the  second  question  leads  to  a 
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system  of  effect-based  economy  principles.  In  par¬ 
ticular,  the  last  resort  principle  is  replaced  by  the 
compensation  principle  which  requires  the  external 
effect  of  movement  to  be  compensated  for  by  its 
internal  effect. 

In  chapter  3, 1  will  discuss  the  problem  of  uniformity 
of  chain-steps  and  suggest  that  the  uniformity  can 
be  derived  from  step-wise  application  of  compen¬ 
sation  principle,  and  discusses  complex  cases  such 
as  German  partial  wh-movement  and  Mayan  focus 
antipassives  in  light  of  the  compensation  principle 
and  derivational  view  of  A/A-bar-partitlon. 

In  chapter  4,  I  will  discuss  two  phenomena  related 
to  the  problem  of  multiple  specifier  in  A  and  A-bar 
systems:  extraction  out  of  multiple  specifier  config¬ 
uration  and  absorption  of  multiple  wh-phrases. 
They  are  claimed  to  support  Cheng's  (1991)  view 
that  wh-movement  is  not  driven  by  feature-checking 
as  NP-movement  is. 


1.2.5  Agr-Based  Case  Theory  and  its 
Interaction  with  the  A-Bar  System 

Akira  Watanabe 

Abstract 

This  thesis  proposes  a  modification  of  the  Agr- 
based  case  theory  of  Chomsky  (1992)  to  deal  with 
the  phenomena  of  case  absorption.  The  proposed 
hypothesis  claims  that  Agr  must  undergo  further 
feature  checking  with  an  appropriate  functional 
head  after  case  checking  takes  place  in  AgrP.  For 
this  reason,  CP  is  needed  immediately  above 


Agr-sP  for  nominative  and  null  case  checking  ; 
accusative  case  checking  needs  TP  in  simplex 
clauses  and  what  will  be  called  HP  in  participle  con¬ 
structions.  When  these  projections  are  missing, 
case  checking  becomes  impossible,  resulting  in 
case  absorption.  This  explains  the  distribution  of 
PRO  and  ECM/raising  with  respect  to  the  case 
checking  process  in  Agr-sP.  Accusative  case 
absorption  in  the  participial  passive  and  what  will  be 
called  the  reduced  causative  also  fall  under  our 
account.  This  system  is  extended  to  the  case  of 
pre/post-positions. 

Given  the  pivotal  role  of  Tns  in  the  proposed 
system,  a  dependency  is  expected  between  the 
feature  checking  in  Agr-sP  and  the  feature  checking 
in  Agr-oP.  Some  such  cases  from  Irish,  Japanese, 
and  Icelandic  are  discussed. 

The  proposed  modification  requires  the  V+Infl 
complex  to  be  raised  to  C°,  creating  a  configuration 
where  the  A-system  including  case  and  inflection 
interacts  with  the  A-bar  movement  which  makes 
use  of  Spec  of  CP.  Wh-agreement  and  the  comp- 
trace  phenomena  are  given  a  uniform  treatment 
from  this  perspective.  At  the  same  time,  the  modi¬ 
fied  case  theory  questions  the  blocking  effect  of 
negation  for  head  movement.  Instead,  the  influ¬ 
ence  of  negation  on  the  inflectional  system  is  cap¬ 
tured  in  terms  of  modality. 
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Appendix  A.  RLE  Publications  and  Papers  Presented 

The  first  section  of  this  bibliography  includes  papers  and  talks  presented  by  RLE  faculty,  staff  and  students 
during  1993  and  Is  in  alphabetical  order  by  conference  name.  Reprints  of  these  papers  may  be  obtained  by 
contacting  the  authors  directly. 

Section  2  includes  an  alphabetical  listing  by  author  of  journal  article  that  were  published  and  acc^ted  or 
submitted  for  publication.  Book  chapters  by  RLE  authors  are  listed  in  Section  3.  Section  4  of  this  bibli¬ 
ography  lists  RLE  general  publications  and  technical  reports,  and  Section  5  is  a  list  of  RLE  theses  submitted 
during  1993.  Section  6  contains  miscellaneous  publications. 


A.1  Meeting  Papers 


A.1.1  Papers  Presented 

Acoustical  Society  of  America  Meeting,  Ottawa, 

Ontario,  Canada,  May  17-22, 1993. 

Goldman,  S.L.,  and  T.O.  Carrell.  “Evidence  of 
Word  Class  Effects  for  Word  Recognition  in 
Sentences.” 

Liu,  S.A.  “Locating  Landmarks  in  Utterances  for 
Speech  Recognition.” 

Perkell,  J.S.,  M.A.  Svirsky,  M.L.  Matthies,  and  J. 
Manzella.  “Measuring  Articulatory  Movements 
with  an  Electro-magnetic  Midsagittal  Articulo- 
meter  (EMMA)  System.” 

Rankovic,  C.M,  and  P.M.  Zurek.  “A  Comparison 
of  Octave-band  Noise  Masking  Patterns 
Obtained  from  Normal-hearing  and  Hearing- 
impaired  Listeners.” 

Stadler,  R.W.,  and  W.M.  Rabinowitz.  “On  the 
Potential  of  Fixed  Arrays  for  Hearing  Aids 
(poster  session).” 

Takeuchi,  A.H.  “Perceptual  Organization  of 
Temporal  Patterns  in  Music.” 

Takeuchi,  A.H.,  and  LD.  Braida.  “Effect  of  Fre¬ 
quency  Transposition  on  Discrimination  of 
Amplitude  Patterns.” 

Acoustical  Society  of  America  Meeting,  126th, 

Denver,  Colors^,  October  4-8, 1993. 

Chang,  H.-P.  “Speech  Input  for  Dysarthric 
Users." 

Johnson,  M.A.  “A  Mapping  Between  Trainable 
Generalized  Properties  and  the  Acoustic  Cor¬ 
relates  of  Distinctive  Features.” 

Perkell,  J.S.,  M.L.  Matthies,  M.A.  Svirsky,  and 
M.l.  Jordan.  “Motor  Equivalence  in  the  Trans¬ 
formation  from  Vocal-tract  Configurations  to 
the  Acoustic  Transfer  Function:  Adaptation  to 
a  Bite  Block.” 


Wilde,  L.  “Infem'ng  Articulatory  Movements  from 
Acoustic  Properties  at  Fricative-vowel  Bound¬ 
aries.” 

American  Chemical  Society  Meeting,  Denver, 

Colorado,  March  23,  1993. 

Ceyer,  S.T.  “A  New  Mechanism  for  Dissociative 
Chemisorption  on  Si;  Atom  Abstraction.” 

American  Physical  Society,  Division  of  Atomic, 

Molecular  and  Optical  Physics,  Annual  Meeting, 

Reno,  Nevada,  May  16-19, 1993. 

Joffe,  M.  “Experiments  Captured  in  a  Dark  Light 
Trap.” 

American  Physical  Society  Annual  Meeting, 

Washington,  DC,  April  14, 1993. 

Pritchard,  D.E.  “Single  Ion  Mass  Spectroscopy.” 

American  Physical  Society  Meeting,  Seattle, 

Washington,  March  22-26, 1993. 

Barker,  A.N.,  and  K.  Hui.  “Closed-Form 
Expression  for  the  Global  Phase  Diagram  of 
the  Ising  Model  on  the  Square  Lattice  with 
Crossed  Diagonal  Bonds.” 

Gupta,  R.,  Q.  Hu,  D.  Terpstra,  G.J.  Gerritsma, 
and  H.  Rogalla.  “Response  of 
YBCO/PBCO/YBCO  Ramp  Type  Junctions  to 
Near  Millimeter-wave  Radiation.” 

Meade,  R.D.,  and  J.D.  Joannopoulos.  “Photonic 
BandGap  Material  for  Laser  Applications.” 

Netz,  R.R.,  and  A.N.  Barker.  “Renormaliza¬ 
tion-Group  Theory  of  an  Internal  Critical 
Endpoint  Structure:  The  Blume-Emery-GrifTrths 
Model  with  Biquadratic  Repulsion.” 

Smet,  J.H.,  C.G.  Fonstad,  and  Q.  Hu.  “Magne¬ 
totunneling  Spectroscopy  in  Wide 
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lno.83Oao.47As/lna8iAla4aA8  Double  Ckiantum 
Wells.' 

American  Physical  Society.  Division  of  Plasma 
Physics,  35th  Annual  Meeting.  St.  Louis, 
Missouri.  November  1-5, 1993. 

Carpignano,  F..  M.  Nassi,  and  B.  Ck)ppi.  ‘Over¬ 
view  of  the  ignitor  Machine.” 

Detragiache,  P.,  B.  Coppi,  S.  Migiiuoio,  M. 
Nassi,  and  B.  Rogers.  O-’He  ^ming  and 
the  Ignitor  Experiment.” 

Migliuok),  S.,  B.  Rogers,  and  B.  Coppi. 
“Removing  the  External  Mode  Obstacle  to  the 
Second  Stability  Region.” 

Ram.  A.K.,  A.  Bers,  and  V.  Fuchs.  “Interaction 
of  lon-^mstein  Waves  with  Lower  Hybrid 
Generated  Suprathermal  Electrons.” 

Schultz,  S.D.,  A.  Bers,  and  A.K.  Ram.  “Electron 
Guiding  Center  Motion  in  Tokamaks  with  Fast 
Alfv6n  Waves.” 

Vacca,  L.  “Monte-Carlo  Simulation  of  Ion 
Cyclotron  Heating  and  Transport  in  Tokamak 
Plasmas.” 

Zakharov,  L.,  F.  Levinton,  B.  Rogers,  and  S. 
Migiiuoio.  “Reconstruction  of  TFTR  Equilibria 
and  Analysis  of  Sawtooth  Stabilization  in 
Supershots.” 

American  Physical  Society,  New  England  Meeting, 
Williamstown,  Massachusetts,  April  2-3, 1993. 

Davis,  K.,  W.  Ketterle,  M.  Joffe,  A.  Martin,  and 
D.E.  Pritchard.  “A  'Dark'  Spontaneous-force 
Optical  Trap  for  Sodium  Atoms.” 

American  Society  of  Mechanical  Engineers  Meeting, 
Annual  Winter,  New  Orleans,  Louisiana,  Nov¬ 
ember  28-December  3, 1993. 

Srinivasan,  M.A..  and  J.-S.  Chen.  “Human  Per¬ 
formance  in  Controlling  Normal  Forces  of 
Contact  with  Rigid  Objects.” 

Tan,  H.Z.,  N.l.  Durlach,  Y.  Shao,  and  M.  Wei. 
“Manual  Resolution  of  Compliance  When 
Work  and  Force  Cues  are  Minimized.” 

Applied  Computational  Electromagnetic  Soo'efy 
Conference,  Monterey,  California,  March  22-26, 
1d93. 

Johnson,  J.T.,  J.A.  Kong,  R.T.  Shin,  S.H.  Yueh, 
S.V.  Nghlem,  and  R.  Kwok.  “Polarimetric 
Thermal  Emission  from  Rough  Ocean 
Surfaces:  A  Numerical  Study.” 


Asitomar  Conference  on  Signals,  Systems,  and 
Computers,  27th,  Pacific  Grove,  CaKfbmia,  Nov¬ 
ember  1-3, 1993. 

Isabeye,  S.  “Some  Issues  In  Chaotic  Time 
Series  Analysis.” 

Women.  G.  “Wavelets  and  Wireless  Commu¬ 
nications  (invited  talk).” 

Association  for  Research  in  Otolaryngology.  16th 
Mid-Winter  Meeting,  St.  Petersburg,  Florida, 
Febnjary  6-11, 1993. 

Puria,  S.,  T.  Kawase,  J.J.  Guinan,  Jr.,  and  M.C. 
Liberman.  “Effects  of  Efferent  Mediated 
Sound  Suppression:  Cap  Versus  Distortion 
Products.” 

Rubinstein,  J.T..  and  S.B.C.  Dynes.  “Latency, 
Polarity,  and  Refractory  Characteristics  of 
Electrical  Stimulation:  Models  and  Single-Unit 
Data.” 

Association  tor  Research  in  Vision  and 
Opthamotogy,  Annual  Meeting,  Sarasota, 
Florida,  May  2-7, 1993. 

Hee,  M.R.,  J.A.  Izatt,  E.A.  Swanson,  D.  Huang, 
C.P.  Lin,  J.S.  Schuman.  C.A.  Puliafito,  and 
J.G.  Fujimoto.  “Micron-resolution  Imaging  of 
the  Anterior  Segment  with  Optical  Coherence 
Tomography." 

Izatt,  J.A.,  E.A.  Swanson,  M.R.  Hee,  D.  Huang, 
C.P.  Lin,  J.S.  Schuman,  C.A.  Puliafito.  and 
J.G.  Fujimoto.  “In  vivo  Imaging  of  the  Human 
Retina  with  Optical  Coherence  Tomography.” 

ARPA  Review.  AT&T  Bell  Laboratories,  Holmdel, 
New  Jersey,  November  12, 1993. 

Haus,  H.A.  “Nonlinear  Propagation  in  Fibers 
(invited  talk).’ 

ARPA  Semiannual  Principal  Investigator  Meeting, 
Washington.  DC,  April  14-18, 1993. 

Devadas,  S.  “Probabilistic  Manipulation  of 
Boolean  Functions.” 

ARPA  Symposium  on  Photonics  Systems  for 
Antenna  Applications,  Third  Annual,  Monterey, 
California,  January  20-22, 1993. 

Haus,  H.A.,  and  E.P.  Ippen.  “Optically  Con¬ 
trolled  Phased  Array  Radar.” 

ARPA  X-ray  Lithography  Workshop,  New  Orleans, 
Louisiana,  January  26, 1993. 

Smith,  H.l.  "Lithography:  Precision,  Accuracy, 
and  Pattern  Fidelity.” 
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Biennial  Conference  on  Advanced  Concepts  in  High 
Speed  Semiconckjctor  Devices  and  Circuits. 
Ithaca,  New  York,  July  31  -  August  2,  19^. 

Smith,  H.I.,  and  S.D.  Hector.  “X-ray  Lithography 
for  High  Speed  Devices  (invited  talk).* 

Biophysics  of  Hair  Cell  Sensory  Systems  Sympo¬ 
sium,  Groningen,  Holland,  June  28-July  2, 1993. 

Puria,  S.,  J.J.  Rosowski,  and  W.T.  Peake. 
“Middle-ear  Pressure  Gain  in  Humans:  Prelim¬ 
inary  Results.’ 

Boston  University  Department  of  Astronomy  Collo¬ 
quium,  Boston,  Massachusetts,  February  8. 
1993. 

Hewitt,  J.N.  “Gravitational  Lenses,  Time  Delays, 
and  Hubble's  Constant.* 

Boundary  Element  Methods  15  Meeting.  Worcester, 
Massachusetts,  August  1993. 

Korsmeyer,  F.T.,  D.K.P.  Yue,  K.  Nabors,  and 
J.K.  White.  "Muitipoie-Accelerated  Precondi¬ 
tioned  Iterative  Methods  for  Three- 
Dimensional  Potential  Problems.” 

Cambridge  Workshop  on  Theoreticai  Geoplasma 
Physics,  Cambridge,  Massachusetts,  July  19-23, 
1993. 

Ram,  A.K.,  and  A.  Bers.  “Hamiltonian  Chaos  in 
Wave-Particle  Interactions." 

Conference  on  Binaural  and  Spatial  Hearing,  spon¬ 
sored  by  the  Air  Force  Office  of  Scientific 
Research  and  Armstrong  Laboratory,  Wright 
Patterson  AFB,  Ohio,  September  9-12, 1993. 

Shinn-Cunningham,  B.G,  N.l.  Durlach,  and  R. 
Held.  “Auditory  Display  and  Localization.” 

Conference  on  Fundamentals  of  Quantum  Cities, 
Kuhtai,  Austria,  March  1993. 

Schmiedmayer,  J.,  C.R.  Ekstrom,  M.S. 
Chapman,  T.D.  Hammond,  and  D.E. 
Pritchard.  "Atom  Interferometry.” 

Conference  on  Implantable  Auditory  Prostheses, 
Smithfield,  Rhode  Island,  July  11-15, 1993. 

Dynes,  S.B.C.,  and  B.  Delgutte.  "Neural 
Response  to  Nonsimultaneous  Electrical 
Stimuli:  Physiological  Results.” 

Greenberg,  J.  “Noise  Reduction  with  Multimicro¬ 
phone  Arrays.” 


Conference  on  Uaers  and  Electro-Opdes/Quantum 

Electronics  and  Laser  Science,  Baltimore, 

Maryland,  May  2-7, 1993. 

Doerr,  C.R.,  I.  Lyubomirsky,  G.  Lenz,  J.  Paye, 
H.A.  Haus,  and  M.  Shirasaki.  “O0cal 
Squeezing  with  a  Short  Fiber.” 

Ekstrom,  C.  “Separated  Beam  Experiments  with 
an  Atom  Interferometer.” 

Gouveia-Neto,  A.S.,  M.  Ramaswamy,  J.A.  Izatt, 
J.G.  Fujimoto,  and  D.K.  Negus.  “S  ps  Pulses 
from  a  Kerr-lens  Modelocked  Lamp-pumped 
Nd:YLF  Laser.” 

Hall,  K.L.,  A.M.  Darwish,  E.P.  Ippen,  U.  Koren, 
and  G.  Raybon.  “Subpicosecond  Index  Non- 
linearities  in  InGaAsP  Diode-laser  Amplifiers.” 

Izatt,  J.A.,  M.R.  Hee,  E.A.  Swanson,  J.M. 
Jacobson,  and  J.G.  Fujimoto.  “Femtosecond 
Coherence-gated  Transillumination  Imaging  in 
Scattering  Systems.” 

Joneckis,  L.G.,  and  J.H.  Shapiro.  “Quantum 
Propagation  in  Single-Mode  Fiber.” 

Ketterle,  W.,  K.  Davis,  M.  Joffe,  A.  Martin,  and 
D.  Pritchard.  “High  Densities  of  Cold  Atoms 
in  a  Dark  Spontaneous-force  Optical  Trap.” 

Ramaswamy,  M.,  M.  Ulman,  J.  Jacobson,  and 
J.G.  Fujimoto.  "Femtosecond  Cavity-dumped 
Kerr  Lens  Mode-locked  Ti:Alz03  Laser.” 

Sun,  C.-K.,  H.K.  Choi,  C.A.  Wang,  and  J.G. 
Fujimoto.  "Femtosecond  Carrier  Dynamics 
and  Stimulated  Transitions  Induced  Carrier 
Temperature  Change  in  InGaAs/AIGaAs 
Strained-layer  SOW  Diode  Lasers.” 

Sun,  K.-X.,  N.C.  Wong,  and  J.H.  Shapiro. 
“Thermal  Hysteretic  Effects  in  a  Triply  Reso¬ 
nant  Optical  Parametric  Oscillator.” 

Swanson,  E.A.,  J.A.  Izatt,  M.R.  Hee,  D.  Huang, 
C.P.  Lin,  J.S.  Schuman,  C.A.  Puliafito,  and 
J.G.  Fujimoto.  “In  vivo  Measurements  of 
Human  Retinal  Structure  Using  Optical  Coher¬ 
ence  Tomography." 

Vermelho,  M.V.D.,  A.M.  Reis,  E.A.  Gouveia,  and 
A.S.  Gouveia-Neto.  “Efficient  Frequency  Up- 
conversion  of  1.319  pm  Radiation  in  Pure 
SiOz-core  Single-mode  Optical  Fiber.” 

Copper  Mountain  Conference  on  Multigrid  Methods, 

Sixth,  Copper  Mountain,  Colorado,  April  4-9, 

1993. 

Reichelt,  M.W.  “Optical  Convolution  SOR  Accel¬ 
eration  of  Waveform  Relaxation  with  Applica¬ 
tion  to  Semiconductor  Device  Simulation.” 
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Custom  Integrated  Circuits  Conference,  San  Diego. 
California,  May  9-12, 1993. 

Phillips,  J.R..  M.  Kamon,  and  J.K.  White.  “An 
FFT-based  Approach  to  Including  Non-ideai 
Ground  Planes  in  a  Fast  3-D  Inductance 
Extraction  Program." 

Diode  Laser  Technology  Program  Meeting, 
Albuquerque,  New  Mexico,  April  19, 1993. 

Rediker,  R.H.  “History  and  Projection  of  and 
into  the  Future  of  Semiconductor  Lasers.” 

DIMACS  Workshop  on  Parallel  Algorithms  for 
Unstructured  and  Dynamic  Problems,  New 
Brunswick,  New  Jersey,  June  2-4, 1993. 

Telichevesky,  R.,  J.K.  White,  and  W.J.  Dally. 
“O^SA  Arrays  for  Parallel  Sparse  Matrix  Fac¬ 
torization.” 

Electrochemical  Society  Meeting,  New  Orleans, 
Louisiana,  October  10-15,  1993. 

Bozler,  C.O.,  C.T.  Harris,  S.  Rabe,  D.D. 
Rathman,  W.D.  Goodhue,  M.A.  Hollis,  and 
H.l.  Smith.  “Fabrication  and  Performance  of 
Gated  Field-Emitter  Arrays  Having  0.32  pm 
Tip-to-Tip  Spacing." 

Electronic  Materials  Conference,  Santa  Barbara, 
California,  June  21-23,1993. 

Bahl,  S.R.,  J.A.  del  Alamo,  J.  Dickmann,  and  S. 
Schildberg.  “Physics  of  Breakdown  in 
InAiAs/InGaAs  MODFETs.” 

Coronado,  C.A.,  E.  Ho,  P.A.  Fisher,  J.L.  House, 
K.  Lu,  G.S.  Petrich,  and  L.A.  Koiodziejski. 
“P-type  Doping  of  ZnSe  Using  a  Nitrogen 
Plasma  During  GSMBE." 

Engineering  Foundation  Conference  on  Future 
Directions  for  Lasers  in  Surgery  and  Medicine, 
Palm  Coast,  Florida,  February  27-March  4, 
1993. 

Fujimoto,  J.G.  “Optical  Coherence  Tomography 
for  Imaging  and  Tumor  Detection.” 

European  Conference  on  Circuit  Theory  and 
Design,  Davos,  Switzerland,  August  30  -  Sep¬ 
tember  3, 1993. 

Seidel,  M.N.  “Analysis  and  Synthesis  of  Passive 
Linear  Steady-State  SC  Networks  for  Image 
Processing.” 

Seidel,  M.N.,  and  J.L.  Wyatt,  Jr.  “Step- 
Response  Bounds  for  a  Certain  Class  of 
Discrete-Time  Systems.” 


European  PhysIceU  Socl^  Conference  on  Con¬ 
trolled  Fusion  and  Plasma  Physics,  20th,  Lisbon, 
Portugal,  July  26-30, 1993. 

Ram,  A.K..  A.  Bars,  and  V.  Fuchs.  “Lower 
Hybrid  Current  Drive  In  the  Presence  of  Ion 
Cyclotron  Waves.” 

European  Workshop  on  Compound  Semiconductor 
Devices  and  Integrated  Clrojlts,  Parma,  Italy, 
May  31 -June  2, 1^. 

del  Alamo,  J.A.,  and  S.  Bahl.  “InAIAs/tnGaAs 
HFETs  with  High  Breakdown  Volti^e.” 

Experimental  Conference  on  Chaxis,  Second, 
Washington,  DC,  October  5-6, 1993. 

Oppenheim,  A.V.  “Chaotic  Signals  in  Commu¬ 
nication  (invited  talk)." 

Federation  of  American  Societies  for  Experimental 
Biology  Summer  Research  Conferer^ce,  Copper 
Mountain,  Colorado,  June  20-25, 1993. 

Wyatt,  J.L.,  and  J.  Rizzo.  “Steps  Toward  the 
Development  of  a  Silicon  Retinal  Implant  for 
the  Blirid.” 

General  Conference  of  the  Condensed  Matter  Divi¬ 
sion  of  the  European  Physical  Society,  13th, 
Regensburg,  Germany,  March  29-April  2,  1993. 

Netz,  R.R.,  and  A.N.  Berker.  "Renormaliza¬ 
tion-Group  Theory  of  the  Blume-Emery- 
Griffiths  Model  with  Repulsive  Biquadratic 
Coupling.” 

German  Physical  Society  Meeting,  Berlin,  Germany, 
March  1993. 

Schmiedmayer,  J.,  C.R.  Ekstrom,  M.S. 
Chapman,  T.D.  Hammond,  and  D.E. 
Pritchard.  "Atom  Interferometry.” 

Gordon  Conference  on  Atomic  Physics,  Wolfeboro, 
New  Hampshire,  July  4-9, 1993. 

Natarajan,  V.,  M.P.  Bradley,  F.  DiFilippo,  and 
D.E.  Pritchard.  "Single-Ion  Mass 
Spectrometry  at  0.1  ppb  in  a  Penning  Trap 
(poster  session).” 

Gordon  Research  Conference  on  Aspects  of  Dis¬ 
order  in  Condensed  Matter  Physics,  Wolfeboro, 
New  Hampshire,  June  28-July  2,  1993. 

Berker,  A.N.,  and  R.R.  Netz.  “Hard-Spin  Mean- 
Field  Theory  and  Frustrated  Systems  in  d=2 
and  dB3.” 
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Gonton  Research  Conference  on  Gas-Surface 
Dynamics,  Andover,  New  Hampshire,  August  2. 
1993. 

Ceyer,  S.T.  “A  New  Mechanism  for  Dissociative 
Chemisorption  on  Si:  Atom  Abstraction.* 

Ground  Target  Modeling  and  Validation  Confer¬ 
ence,  Marquette,  Michigan,  August  24-26, 1993. 

Hsu,  C.C.,  Y.E.  Yang,  R.T.  Shin,  J.A.  Kong,  C. 
Kohler,  T.  Nguyen,  and  H.  Nguyen.  "Discrete 
Scatter  Model  for  Deciduous  Trees:  MMW 
Scattering  Simulation.* 

Harvard  University  Department  of  Physics  Collo¬ 
quium,  Cambridge,  Massachusetts,  March  1, 
1993. 

Hewitt,  J.N.  “Gravitational  Lenses,  Time  Delays, 
and  Hubble's  Constant.* 

Hawaii  International  Conference  on  System  Sci¬ 
ences.  26th,  Wailea,  Hawaii,  January  1993. 

Camposano,  R.,  S.  Devadas,  K.  Keutzer,  S. 
Malik,  and  A.  Wang.  "Implicit  Enumeration 
Techniques  Applied  to  Asynchronous  Circuit 
Verification.* 

Integrated  Photonics  Research  Topical  Meeting, 
Palm  Springs,  California,  March  22-24,  1993 

Haus,  H.A.  'TDM  Soliton  Transmission  and 
Storage." 

Intelligent  Vehicles  Conference,  Tokyo,  Japan,  July 
1993. 

Harris,  J.G.  "Analog  Chips  and  Intelligent  Vehi¬ 
cles.” 

International  Invitational  Symposium  on  the  Unifica¬ 
tion  of  Analytical,  Computational,  and  Exper¬ 
imental  Solution  Methodologies,  Danvers, 
Massachusetts,  August  18-20,  1993. 

Freeman,  D.M.  “Micromechanics  of  the  Inner 
Ear." 

International  Conference  on  the  Electronic  Proper¬ 
ties  of  Two-Dimensional  Systems,  Tenth, 
Newport,  Rhode  Island,  May  31 -June  4, 1993. 

Zhao,  Y.,  D.C.  Tsui,  M.B.  Santos,  M.  Shayegan, 
R.A.  Ghanbari,  D.A.  Antoniadis,  H.l.  Smith, 
and  K.  Kempa.  “Mode  Softening  of  Coupled 
Quantum  Wires.” 

International  Conference  on  Application-Specific 
Array  Processors.  Venice,  Italy,  October  25-27, 
1993. 


Baltus,  D.G.,  and  J.  Allen.  “Efficient  Exploration 
of  Space-Time  Transformations  for  Systolic 
Array  Synthesis.” 

International  Conference  on  Chemical  Beam 
Epitaxy  and  Related  Growth  Techni^jes,  Nara, 
Japan,  July  23-25, 1993. 

Ho,  E.,  C.A.  Coronado,  P.A.  Fisher,  J.L.  House, 
K.  Lu,  G.S.  Petiich,  and  LA.  Koiodzieiski. 
“Gaseous  Source  Epitaxy  of  ZnSe:  MOMBE 
and  QSMBE.* 

International  Conference  on  Computar-Alded 
Design.  Santa  Clara,  Caiifomia,  November  8-10, 
1993. 

Cai,  X.,  H.  YIe,  P.  Osterberg,  J.  Gilbert,  S. 
Senturia,  and  J.K.  White.  “A  Relaxation/- 
Multipole-Accelerated  Scheme  for  ^If- 
Conslstent  Electromechanical  Analysis  of 
Complex  3-D  Microelectromechanical  Struc¬ 
tures.* 

Monteiro,  J.,  S.  Devadas,  and  A.  Ghosh. 
“Retiming  ^quential  Circuits  for  Low  Power.* 

Reichelt,  M.W.,  A.  Lumsdaine,  and  J.K.  White. 
“Accelerated  Waveform  Methods  for  Parallel 
Transient  Simulation  of  Semiconductor 
Devices.” 

Shen,  A,  S.  Devadas,  and  A.  Ghosh.  “Probabi¬ 
listic  Construction  and  Manipulation  of  Free 
Boolean  Diagrams  (invited  talk).” 

International  Conference  on  Free  Electron  Lasers, 
the  Hague,  the  Netherlands,  August  23-27, 
1993. 

Bekefi,  G.  “Observations  of  Frequency,  Phase 
and  Saturation  Characteristics  of  a  Raman, 
Free-Electron  Laser  Amplifier.” 

Jerby,  E.,  and  G.  Bekefi.  “Travelling-Wave 
Cyclotron  (TWC)  Free-Electron  Maser.” 

International  Conference  on  Laser  Spectroscopy, 
Eleventh,  Hot  Springs,  Virginia,  June  13-18, 
1993. 

Pritchard,  D.E.  “Atom  Interferometry." 

International  Geoscience  and  Remote  Sensing 
Symposium,  Nara,  Japan,  August  18-20, 1993. 

Bourissou,  A.,  K.  Pham,  W.C.  Au,  J.A.  Kong, 
and  T.  Le  Toan.  ‘Two  Stage  Classification 
Method  of  Polarimetric  SAR  Images  Using 
Fractal  Concepts.” 

Hsu,  C.C.,  R.T.  Shin,  J.A.  Kong,  A.  Beaudoin, 
and  T.  Le  Toan.  “Application  of  Theoretical 
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Model  for  Microwave  Remote  Sensing  of 
Forest." 

Wong,  N.C.,  D.  Lee,  and  L.R.  Brothers.  "Optical 
Frequency  Counting  Based  on  Parametric 
Oownconversion." 

Intematbnal  Semiconductor  Device  Research  Sym¬ 
posium,  Charlottesville,  Virginia,  December  1-3, 
1993. 

Hu,  Q.,  R.  Gupta,  D.  Terpstra,  G.J.  Gerritsma, 
and  H.  Rogalla.  "Millimeter-wave  Studies  of 
High-Tc  Ramp-Type  Josephson  Junctions." 

Wyss,  R.A.,  C.C.  Eugster,  J.  del  Alamo,  M.J. 
Rooks,  M.R.  Melloch,  and  Q.  Hu.  "Far- 
infrared  Study  of  an  Antenna-coupled 
Quantum  Point  Contact  (poster  session)." 

International  Sherwood  Fusion  Theory  Conference, 
Newport,  Rhode  Island,  March  28-31, 1993. 

Ram,  A.K.,  A.  Bers,  and  V.  Fuchs.  “Lower 
Hybrid  Current  Drive  in  the  Presence  of  ICRF 
Waves.” 

Schultz,  S.D.,  A.  Bers,  and  A.K.  Ram.  “Anoma¬ 
lous  Electron  Streaming  Due  to  Electrostatic 
Modes  in  Tokamak  Plasmas.” 

Internationai  Solid-State  Circuit  Conference,  San 
Francisco,  California,  February  1993. 

Yu,  P.C.,  and  H.-S.  Lee.  “A  High-Swing  2-V 
CMOS  Operational  Amplifier  with  Grain 
Enhancement  Using  a  Replica  Amplifier." 

International  Symposium  on  Antennas  and  EM 
Theory,  Third,  Nanjing,  China,  September  6-9, 
1993. 

Kong,  J.A.,  C.C.  Hsu,  and  H.C.  Han.  ‘Theore¬ 
tical  Models  for  Remote  Sensing  of  Vege¬ 
tation." 

Internationai  Symposium  on  Btomedical  Optics 
(Europe  ’93),  Budapest,  Hungary,  September 
1-5,  1993. 

Fujimoto,  J.G.,  J.A.  Izatt,  M.R.  Hee,  D.  Huang, 
E.A.  Swanson,  C.P.  Lin,  J.S.  Schuman,  C.A. 
Puliafito.  "Ophthalmic  Diagnostics  Using 
Optical  Coherence  Tomography.” 

international  Symposium  on  Electron,  Ion  and 
Photon  Beams,  37th,  San  Diego,  California, 
June  1-4,  1993. 

Della  Ratta,  A.D.,  J.  Meingailis,  and  C.V. 
Thompson.  “Focused  Ion  Beam  Induced 
Deposition  of  Copper.” 


Ferrera,  J.,  V.V.  Wong,  S.  Rishton,  V.  Boegli, 
E.H.  Anderson,  D.P.  Kem,  and  H.l.  Smith. 
“Spatial-phase-locked  Electron-beam 

Lithography:  Initial  Test  Results." 

Gupta,  N.,  S.D.  Hector,  K.W.  Rhee,  and  H.l. 
Smith.  “Fabricatton  of  100  nm  T-Gates  for 
Monolithic  Microwave  Integrated  Circuits 
Using  X-ray  Lithography." 

Hector,  S.D.,  H.l.  Smith,  and  M.L  Schattenburg. 
“Simultaneous  Optimization  of  Wavelength, 
Spatial  Coherence,  Gap,  Feature  Bias,  and 
Absorber  Thickness  in  Synchrontron-based 
Proximity  X-ray  Lithography.” 

Wong,  V.V.,  W.-Y.  Choi,  J.M.  Carter,  C.G. 
Fonstad,  H.l.  Smith,  Y.  Chung,  and  N.  Dagli. 
"Ridge-waveguide  Sidewall-grating  Distributed 
Feedback  Structures  Fabricated  by  X-ray 
Lithography.” 

Xu,  X.,  and  J.  Meingailis.  “Quasi-periodic  Nano¬ 
structures  in  Focused  Ion  Beam  Deposited 
Tungsten  at  High  Angles  of  Incidence." 

International  ^mposium  on  Radio  Propagation, 
Beijing,  China,  August  18-21, 1993. 

Kong,  J.A.  Theoreticai  Models  for  Remote 
Sensing  of  Earth  Terrain.” 

International  Symposium  on  Recent  Advancement 
In  Microwave  Technology,  New  Delhi,  India, 
December  15-18, 1993. 

Kong,  J.A.,  C.C.  Hsu,  and  H.C.  Han.  ‘Theore¬ 
tical  Model  for  Remote  Sensing  of  Earth 
Terrain." 

International  Television  Symposium  and  Technical 
Exhibition,  18th,  Montreaux,  Switzerland,  June 
1993. 

Urn,  J.S.  "HDTV  System  with  Multiple  Trans¬ 
mission  Formats." 

International  Union  of  Radio  Science  Meeting,  Ann 
Arbor,  Michigan,  June  27-July  2, 1993. 

Han,  H.C.,  and  J.A.  Kong.  “Radiative  Transfer 
Model  for  Active  and  Passive  Remote  Sensing 
of  Vegetation  Canopy." 

Yuan,  Y.,  J.A.  Kong,  P.S.  Kao,  and  R.T.  Shin. 
Theoretical  and  Experimental  Analysis  of 
Multiple  Antennas  Attached  to  Coated  Bodies 
of  Revolution." 

International  Union  of  Radio  Science  Meeting, 
Kyoto,  Japan,  August  25  -  September  2, 1993. 

Kong,  J.A.  ‘Theoretical  Model  for  Remote 
Sensing  of  Vegetation.” 
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Veysoglu,  M.E.,  J.A.  Kong,  and  C.C.  Hsu. 
“Polarimetric  Scattering  Model  for  Inversion  of 
Sea  Ice  Parameters.” 

International  Vacuum  Microelectronics  Conference, 
Sixth,  Newport,  Rhode  Island,  July  12-15,  1993. 

Bozler,  C.O.,  C.T.  Harris,  S.  Rabe,  D.O. 
Rathman,  W.D.  Goodhue,  M.A.  Hollis,  and 
H.l.  Smith.  “Arrays  of  Gated  Field-Emitter 
Cones  Having  0.32  /im  Tip-to-Tip  Spacings.” 

International  Workshop  on  DNA  Sequencing  by 
Hydbridization,  The  Woodlands,  Texas,  October 
29-30,  1993. 

Rathman,  D.D.,  M.A.  Hollis,  J.MeIngailis,  D.J. 
Ehrlich,  M.E.Hogan,  T.  Powdrill,  J.L.  Lamture, 
M.D.  Eggers,  K.L.  Beattie,  R.  Varma,  and  R. 
Gangadharan.  “Electronic  Permittivity  Detec¬ 
tion  for  DNA  Sequencing  by  Hybridization.” 

International  X-ray  Roundtable,  Amenia,  New  York, 
September  27-28,  1993. 

Smith,  H.l.  “X-ray  Lithography  at  100  nm  and 
Below  (invited  talk).” 

IBM  Technical  Seminar,  Yorktown,  New  York, 
March  1993. 

Reichelt.  M.W.,  and  J.K.  White.  “Waveform 
Frequency-dependent  SOR  Methods  for  Par¬ 
allel  Semiconductor  Device  Simulation.” 

IEEE  Design  Automation  Conference,  30th,  Dallas, 
Texas,  June  14-17,  1993. 

Allen,  J.,  D.  Liebisch,  P.  McGeer,  J.  Mellen,  and 
J.  Toole.  “Military  to  Commercial  Conversion: 
Is  It  Necessary?  is  It  Practical?  is  It 
Possible?" 

Kamon,  M.,  M.J.  Tsuk,  and  J.K.  White. 
“FastHenry:  A  Multipole-Accelerated  3-D 
Inductance  Extraction.” 

IEEE  International  Conference  on  Acoustics, 
Speech,  and  Signal  Processing,  Minneapolis, 
Minnesota,  April  27-30,  1993. 

Apostolopoulos,  J.G.,  P.A.  Monta,  J.J.  Nicolas, 
and  J.S.  Urn.  “Designing  a  Video  Com¬ 
pression  System  for  High  Definition  Tele¬ 
vision.” 

Cuomo,  K  M.,  and  A.V.  Oppenheim.  “Chaotic 
Signals  and  Systems  for  Communications.” 

Jachner,  J.,  and  H.  Lee.  "Eigenvalues  and 
Eigenvectors  of  Covariance  Matrices  for 
Closely-spaced  Signals  in  Multi-dimensional 
Direction  Finding.” 


Nicolas,  J.J.,  and  J.S.  Urn.  “Equalization  and 
Interference  Rejection  for  the  Terrestrial 
Broadcast  of  Digital  HDTV.” 

Papadopoulos,  H.C.,  and  G.W.  Wornell. 
'Optical  Detection  of  a  Class  of  Chaotic 
Signals.” 

Richard,  M.D.  “Properties  and  Discrimination  of 
Chaotic  Maps.” 

Zangi,  K.C.  “A  New  Two-sensor  Active  Noise 
Cancellation  Algorithm.” 

IEEE  International  Conference  on  Plasma  Science, 

20th,  Vancouver,  Canada,  June  7-9,  1993. 

Bekefi,  G,  C.  Chen,  and  W.  Hu.  “Two- 
dimensional  Nonlinear  Theory  of  Double¬ 
stream  Cyclotron  Masers.” 

Catravas,  P.,  C.  Chen,  and  G.  Bekefi.  “Studies 
of  the  MIT  3.3  GHz  Relativistic  Kiystron  Ampli¬ 
fier.” 

Chen,  C.,  P.  Catravas,  and  G.  Bekefi.  "Growth 
and  Saturation  of  Stimulated  Beam  Modu¬ 
lation  in  a  Two-Stream  Relativistic  Klystron 
Amplifier.” 

Ricci,  K.,  P.  Volfbeyn,  M.  Conde,  and  G.  Bekefi. 
“Observations  of  Fr^uency,  Phase  and  Satu¬ 
ration  Characteristics  of  a  Raman,  Free- 
electron  Laser  Amplifier.” 

IEEE  Lasers  and  Electro-Optics  Society  Meeting, 

Annual,  San  Jose,  California,  November  15-18, 

1993. 

Damask,  J.N.,  V.V.  Wong,  J.  Ferrera,  H.l.  Smith, 
and  H.A.  Haus.  “Optical  Distributed-Feedback 
Channel-Dropping  Filters:  Design  and  Fabri¬ 
cation  (invited  talk)." 

Tamura,  K.,  LE.  Nelson,  H.A.  Haus,  and  E.P. 
Ippen.  “Femtosecond  Fiber  Lasers  (invited 
talk).” 

IEEE  MTT-S  International  Microwave  Symposium, 

Atlanta,  Georgia,  June  14-18,  1993. 

Kim,  S.,  S.  Alt,  and  J.K.  White.  “A  Vector 
Surface  Integral  Approach  to  Computing 
Inductances  of  General  3-D  Structures.” 

Lee,  L.H.,  S.M.  Ali,  W.G.  Lyons,  R.S.  Withers, 
and  T.P.  Orlando.  “Full-wave  Analysis  of 
Superconducting  Microstrip  Lines  on  Sapphire 
Substrates.” 

Joint  Institute  of  Fusion  Theory  Symposium  on  High 

Energy  Particles  in  Toroidal  Plasmas,  Irvine, 

California,  August  30-September  1, 1993. 
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Coppi,  B.  “High  Energy  Particles.” 

Materials  Research  Society  Symposium,  San 
Francisco,  California,  April  12-16, 1993. 

Arias,  T.A.  “Impurity  Segregation  at  Semicon¬ 
ductor  Grain  Boundaries.” 

Schattenburg,  M.L,  J.  Carter,  W.  Chu,  R.C. 
Fleming,  R.A.  Ghanbari,  M.  Mondol,  N.  Polce, 
and  H.l.  Smith.  “Mask  Technology  for  X-ray 
Nanolithography." 

Materials  Science  Seminar,  Hanover,  New 

Hampshire,  January  14-15,  1993. 

Kolodziejski,  L.A.  “Photo-Assisted  Metalorganic 
Molecular  Beam  Epitaxy  of  ZnSe." 

Meeting  on  Codes  for  Simulating  Collective  Fast 
Particle  Effects,  St.  Louis,  Missouri,  October  31, 
1993. 

Coppi,  B.  “Transition  in  the  Emission  Spectrum 
Above  the  Ion  Cyclotron  Frequency  of  Fusion 
Reaction  Products.” 

Microelectronic  Engineering  Conference,  Maastricht, 
the  Netherlands,  September  27-29, 1993. 

Hector,  S.D.,  H.l.  Smith,  N.  Gupta,  M.L 
Schattenburg.  “Optimizing  Synchrotron-based 
X-ray  Lithography  for  0.1  pm  Lithography." 

Midwest  Symposium  on  Circuits  and  Systems,  36th, 
Detroit,  Michigan,  August  15-18,  1993. 

Seidel,  M.N,  “Nonlinear  SC  Network  Analysis 
and  Synthesis  for  Image  Processing." 

MIT  Haystack  Observatory  Seminar,  Lexington, 
Massachusetts,  March  5,  1993. 

Hewitt,  J.N.  “Time  Delays  in  Gravitational 
Lenses.” 

MIT  Microsystems  Technology  Laboratories 
Research  Review,  Cambridge,  Massachusetts, 
September  21 -22,  1993. 

Troxel,  D.E.  “CAFE  Installation  at  Lincoln  Labo¬ 
ratory.” 

MIT  Workshop  on  Space  Life  Sciences  and  Virtual 
Reality.  Dedham,  Massachusetts,  January  6, 
1993. 

Shinn-Cunningham,  B.G.  "Auditory  Virtual  Envi¬ 
ronments." 

National  Academy  of  Sciences  Colloquium  on 
Human-Machine  Communication  by  Voice, 
Irvine,  California,  February  8,  1993. 


Allen,  J.  “Linguistic  Aspects  of  Speech  Syn¬ 
thesis.” 

National  Association  of  Broadcasters  Meeting,  Las 
Vegas,  Nevada,  April  17-23,  1993. 

Urn,  J.S.  “HDTV  Research  at  ATRP." 

Neural  Information  Processing  Systems,  Denver, 
Colorado,  November  29-December  6, 1993. 

EKadel,  I.M.  “Lyaponov  Functions  for  Rotor 
Neural  Networks.” 

Elfadel,  I.M.,  and  J.L.  Wyatt,  Jr.  “The  'Softmax' 
Nonlinearity:  Derivation  Using  Statistical 
Mechanics  and  Useful  Properties  as  a  Multi¬ 
terminal  Analog  Circuit  Element.” 

NATO  Advanced  Research  Workshop  on  Quantum 
Well  Intersubband  Transition  Physics  and 
Devices,  Whistler,  Canada,  September  8, 1993. 

Hu,  Q.,  R.A.  Wyss,  C.C.  Eugster,  J.A.  del 
Alamo,  and  S.  Feng.  “Far-infrared  Study  of 
an  Antenna-coupled  Quantum  Point  Contact.” 

NATO  Advanced  Study  Institute  Excimer  Lasers 
Conference,  Flounda,  Greece,  September  3-15, 
1993. 

Ehrlich,  D.J.  “Prototyping  to  Manufacturing: 
Applications  of  Lasers  in  Microelectronics  and 
Micromechanics.” 

NATO  Workshop  on  Nanolithography,  Rome,  Italy, 
April  6-8,  1993. 

Smith,  H.I.,  and  M.L.  Schattenburg.  “X-ray 
Nanolithography:  Limits,  and  Application  to 
Sub-1 00  NM  Manufacturing.” 

NEPTUN-A  Collaboration  Meeting,  Ann  Arbor, 
Michigan,  May  14-15,  1993. 

Holley,  J.  "Hydrogen  Maser  Polarimeter  (invited 
talk).” 

Oceans  '93  Conference,  Victoria,  British  Columbia, 
Canada,  October  18-21, 1993. 

Yueh,  S.H.,  R.  Kwok,  F.K.  Li,  S.V.  Nghiem,  W.J. 
Wilson,  and  J.A.  Kong.  “Polarimetric  Passive 
Remote  Sensing  of  Wind-Generated  Sea  Sur¬ 
faces  and  Ocean  Wind  Vectors.” 

Oort  Lecture,  Leiden  University,  the  Netherlands, 
May  1993. 

Burke,  B.F.  “Searching  for  Planets  of  Other 
Stars.” 
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Optical  Society  of  America  Annual  Meeting, 
Toronto,  Canada,  October  3-8, 1993. 

Bergman,  K.,  H.A.  Haus,  E.P.  Ippen,  and  M. 
Shirasaki.  “Squeezing  and  Suppression  of 
Guided-Acoustic-Wave  Briilouin  Scattering 
with  1  GHz  Puises." 

Brothers.  L.R.,  and  N.C.  Wong.  “THz  Optical 
Frequency  Comb  Generation.” 

Fujimoto,  J.G.,  J.A.  Izatt,  M.R.  Hee,  D.  Huang, 
E.A.  Swanson,  C.P.  Lin,  and  C.A.  Puliafito. 
“Biological  Imaging  Using  Optical  Coherence 
and  Transillumination  Tomography.” 

Jungling,  S.,  J.C.  Chen,  and  F.X.  Kartner. 
“Novel  Calculation  of  Higher  Order  Mode  of 
Waveguides  Using  Beam  Propagation 
Method.” 

Kleppner,  D.  “Rydberg  Atoms  in  Strong  Mag¬ 
netic  Fields." 

Lee,  D.,  N.C.  Wong,  and  L.R.  Brothers.  “Fre¬ 
quency  Tuning  and  St2ibilization  of  a  KTP 
Optical  Parametric  Oscillator.” 

Pritchard,  D.E.  “Atom  Interferometry.” 

Optical  Society  of  America  Topical  Meeting  on  Soft 
X-ray  Lithography,  Third  Annual,  Monterey,  Cali¬ 
fornia,  May  10-12,  1993. 

Hector,  S.D.,  and  H.l.  Smith.  “Soft  X-ray 
Projection  Lithography  Using  Two  Arrays  of 
Phase  Zone  Plates.” 

Optical  Society  of  America  Topical  Meeting  on 
Ultrafast  Electronics  and  Opto-electronics,  San 
Francisco,  California,  Januaiy  25-27, 1993. 

Ippen,  E.P.  “Ultrafast  Dynamics  in  Active  Semi¬ 
conductor  Waveguides.” 

Pecek  Lecture,  International  Union  for  Aeronautics 
and  Astronautics,  Graz,  Austria,  October  1993. 

Burke,  B.F.  ‘The  Search  for  Exoplanets.” 

Princeton  University  Department  of  Physics  Collo¬ 
quium,  Princeton,  New  Jersey,  March  11, 1993. 

Hewitt,  J.N.  “Gravitational  Lenses,  Time  Delays, 
and  Hubble's  Constant.” 

Progress  in  Electromagnetics  Research  Sympo¬ 
sium,  Pasadena,  California,  July  12-16, 1993. 

Atkins,  R.G.,  R.T.  Shin,  and  J.A.  Kong.  “Scat¬ 
tering  From  an  Electrically  Large  Target 
Beneath  a  Layer  of  Random  Media.” 


Au,  W.C.,  R.T.  Shin,  and  J.A.  Kong.  “Electro- 
ms^netic  Wave  Scattering  by  a  Fractal  Struc¬ 
ture.” 

Coutu,  P.,  C.C.  Hsu,  R.T.  Shin,  and  JA  Kong. 
“Radiative  Transfer  Theory  for  Active  Remote 
Sensing  of  Sea  Ice.” 

Ewe,  H.T.,  W.C.  Au,  R.T.  Shin,  and  J.A.  Kong. 
“Classification  of  SAR  Images  Using  Fractal 
Approach.” 

Gu,  Q.,  M.A.  Tassoudji,  S.Y.  Poh,  R.T.  Shin, 
and  J.A.  Kong.  “Coupled  Noise  Analysis  for 
Adjacent  Vias  in  Multilayered  Digital  Circuits.” 

Han,  H.C.,  and  J.A.  Kong.  “Active  Radiative 
Transfer  Theory  Under  the  Continuous 
Random  Medium  Approach.” 

Hsu,  C.C.,  R.T.  Shin,  J.A.  Kong,  A.  Beaudoin, 
and  T.  Le  Toan.  “Application  of  Radiative 
Transfer  Model  for  Remote  Sensing  of 
Forest.” 

Huang,  G.T.,  and  R.T.  Shin.  “Theoretical 
Models  for  Low-altitude  Propagation  Over 
Terrain.” 

Johnson,  J.T.,  J.A.  Kong,  R.T.  Shin,  D.H. 
Staelin,  S.H.  Yueh,  S.V.  Nghiem,  R.  Kwok,  K. 
O'Neill,  and  A.  Lohanick.  “Polarimetric 
Thermal  Emission  from  Rough  Surfaces.” 

Li,  K.,  M.A.  Tassoudji,  S.Y.  Poh,  R.T.  Shin,  and 
J.A.  Kong.  “Electromagnetic  Radiation  from 
Modules-on-Backplane  Configurations  in  Com¬ 
puter  Systems.” 

Mou,  A.,  Y.E.  Yang,  and  J.A.  Kong.  “Analyses 
of  Single  and  Coupled  Dielectric  Waveguides 
and  Bend  Discontinuities  Using  the  Finite- 
difference  Time-domain  Method.” 

Tassoudji,  M.A.,  K.  Li,  R.T.  Shin,  J.A.  Kong,  and 
M.J.  Tsuk.  “Electromagnetic  Fields  in  Metallic 
Enclosures  Lined  with  Resistive  Material.” 

Veysoglu,  M.E.,  P.  Coutu,  R.T.  Shin,  J.A.  Kong, 
and  A.K.  Jordan.  “Inversion  of  Microwave 
Measurements  to  Reconstruct  Sea  Ice  PeU’a- 
meters.” 

Veysoglu,  M.E.,  R.T.  Shin,  and  J.A.  Kong. 
“Wave  Scattering  from  Periodic  Rough 
Surfaces:  Time-Domain  Analysis  of  Oblique 
Incidence  Case.” 

Wang,  L,  R.T.  Shin,  J.A.  Kong,  and  S.H.  Yueh. 
“Application  of  Neural  Network  to  Remote 
Sensing  of  Soil  Moisture  Using  Theoretical 
Backscattering  Coefficients.” 
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Yamaguchi,  M.,  Q.  Gu,  Y.E.  Yang,  and  J.A. 
Kong.  Transient  Analysis  of  Dispersive 
Signal  Lines  Terminated  with  CMOS  Devices.* 

Yang,  Y.E.,  Q.  Gu,  M.A.  Tassoudji,  R.J.  Kelly, 
and  G.J.  Markey.  “Statistical  Model  of 
FM-Broadcast  Interference  to  the  Instrument 
Landing  Systems  (ILS).* 

Yuan,  Y.,  and  J.A.  Kong.  “Radiation  and  Scat¬ 
tering  by  Antennas  Attached  to  Coated  Bodies 
of  Revolution.” 

Yuan,  Y.,  Y.E.  Yang,  and  J.A.  Kong.  “Integral 
Equation  Analysis  of  Coupled  Microstrip  Lines 
with  Ferromegnetic  Thin  Film.” 

Yueh,  S.H.,  S.V.  Nghiem,  R.  Kwok,  K.  O'Neill, 
and  A.  Lohanick.  “Polarimetric  Thermal  Emis¬ 
sion  from  Rough  Surfaces.” 

Saint  John  Fisher  Coilege  Department  of  Physics 
Coiloquium,  Rochester,  New  York,  February  25. 
1993. 

Hewitt,  J.N.  “Measuring  the  Size  of  the  Uni¬ 
verse  with  Gravitational  Lenses  (Harlow 
Shapley  Lecturer).” 

Semiconductor  Process  Representation  Working 
Group  Meeting,  Waltham,  Massachusetts,  April 
1993. 

Mclirath,  M.B.  Meeting  Chair. 

Semiconductor  Research  CorpJARPA  Computer- 
integrated  Manufacturing  of  integrated  Circuits 
Workshop.  Pittsburgh,  Pennsylvania,  August 
24-26,  1993. 

Stamatopoulos,  M.,  D.E.  Troxel,  S.  Ahn,  and 
S.B.  Gershwin.  "Microsystems  Factory  Repre¬ 
sentation.” 

Troxel,  D.E.,  G.T.  Fischer,  T.J.  Lehman,  and 
M.B.  Mclirath.  “CAFE  Installation  at  Lincoln 
Laboratory  and  Expanded  PFR  Based  1C  Fab¬ 
rication.” 

Seminar  on  Speech  Production:  Models  and  Data, 
Third,  Saybfook  Point,  Connecticut,  May  11-13, 
1993. 

Perkell,  J.S.,  M.  Matthies,  M.  Svirsky,  and  M. 
Jordan.  "Motor  Equivalence  in  the  Transfor¬ 
mation  from  Vocal-tract  Configurations  to  the 
Acoustic  Transfer  Function.” 

Statistical  Mechanics  Meeting,  70th,  New 
Brunswick,  New  Jersey,  December  15-17, 1993. 

Berker,  A.N.  “Hard-Spin  Mean-Field  Theory.” 


Falicov,  A.,  and  A.N.  Berker.  “Finite- 
Temperature  Phase  Diagram  of  the  U  Model: 
Renormalization-Group  Theory.” 

Summer  School  on  Recent  Developments  in  Statis¬ 
tical  Physics,  Istanbul,  Turkey,  July  26-August  6, 
1993. 

Berker,  A.N.  “Phase  Transitions  in  Disordered 
Systems.” 

Symposium  on  Energy  Environment  and  Peace, 
College  Park,  Maryland,  January  17-18, 1993. 

Coppi,  B.  “Common  and  Uncommon  Problems 
of  Laboratory  and  Astrophysical  Plasmas.” 

SEMATECH  Company.  Dallas,  Texas,  April  22, 
1993. 

Mclirath,  M.B.  “Process  Flow  Representation  for 
TCAD  Frameworks.” 

SPIE  International  Society  for  Optical  Engineering, 
Los  Angeles,  California,  January  16-23,  1993. 

Bekefi,  G.,  P.  Catravas,  C.  Chen,  and  I. 
Mastovsky.  “Experimental  and  Theoretical 
Studies  of  the  Proposed  MIT  Relativistic 
Klystron  Amplifier.” 

Catravas,  P.,  C.  Chen,  and  G.  Bekefi.  "Disper¬ 
sion  Characteristics  of  a  Two-Stream  Relativ¬ 
istic  Klystron  Amplifier.” 

Chen,  C.,  W.  Hu,  and  G.  Bekefi.  ‘Two- 
Dimensional  Nonlinear  Theory  of  Double- 
Stream  Cyclotron  Masers.” 

Hee,  M.R.,  J.A.  Izatt,  J.M.  Jacobson,  E.A. 
Swanson,  and  J.G.  Fujimoto.  “Time-Gated 
Imaging  with  Femtosecond  Transillumination 
Optical  Coherence  Tomography.” 

Hu,  Q.,  J.H.  Smet,  and  C.G.  Fonstad. 
Terahertz  Lasers  Using  Quantum-well  Struc¬ 
tures.” 

Hu,  Q.,  R.  Gupta,  D.  Terpstra,  G.J.  Gerritsma, 
and  H.  Rogalla.  “Response  of  High-Tc  Ramp- 
type  Josephson  Junctions  to  Near-millimeter- 
wave  Radiation.” 

Izatt,  J.A.,  M.R.  Hee,  D.  Huang,  J.G.  Fujimoto, 
E.A.  Swanson,  C.P.  Lin,  J.S.  Shuman,  and 
C.A.  Puliafito.  “Ophthalmic  Diagnostics  Using 
Optical  Coherence  Tomography.” 

SPIE  International  Society  for  Optical  Engineering, 
Orlando,  Florida,  April  12-16, 1993. 

Hsu,  C.C.,  R.T.  Shin,  and  J.A.  Kong.  “Modelling 
Obscured  Point  Source  Response  or  Radar 
Signal  Under  Foliage.” 
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Topical  Meeting  on  Electrical  Performance  of  Elec- 
tronic  Packaging,  Second,  Monterey,  California, 
October  20-22, 1993. 

Kamon,  M.,  and  J.K.  White.  “Preconditioning  for 
Multipole-Accelerated  3-0  Inductance  Extrac¬ 
tion." 

Silveira,  L.M.,  I.M.  Elfadel,  and  J.K.  White.  “A 
Guaranteed  Stable  Order  Reduction  Algorithm 
for  Packaging  and  Interconnect  Simulation." 

Topics  in  Statistical  Physics  Meeting,  Antigonish, 
Nova  Scotia,  Canada,  October  1-3, 1993. 

Berker,  A.N.  “Hard-Spin  Mean-Field  Theory." 

U.S.  Air  Force  Office  of  Scientific  Research  Review 
of  Research  in  Hearing,  Fairborn,  Ohio,  June 
1993. 

Shinn-Cunningham,  B.G,  N.l.  Durlach,  and  R. 
Held.  “Super  Auditory  Localization  for 
Improved  Human-machine  Interface." 

U.S.  Naval  Research  Laboratory  Colloquium, 
Annapolis,  Maryland,  April  22,  1993. 

Hewitt,  J.N.  “Gravitational  Lenses,  Time  Delays, 
and  Hubble's  Constant." 

U.S.  Office  of  Naval  Research/Houston  Advanced 
Research  Center  Workshop  on  Atomic  Coher¬ 
ence,  Crested  Butte,  Colorado,  July  26-29, 1993 

Chapman,  M.S.  "Experiments  with  a  Separated 
Beam  Interferometer  (invited  talk)." 

U.S.-Japan  Workshop  on  Ion  Temperature  Gradient 
Turbulence,  University  of  Texas,  Austin,  Texas, 
January  11-14, 1993. 

Migliuolo,  S.  “Ion  Temperature  Gradient  Driven 
Impurity  Modes.” 

University  of  Maryland  Department  of  Astronomy 
Colloquium,  College  Park,  Maryland,  April  21, 
1993. 

Hewitt,  J.N.  “Gravitational  Lenses,  Time  Delays, 
and  Hubble's  Constant.” 

Virtual  Environment  Technology  for  Training  Advi¬ 
sory  Committee  Meeting,  Orlando,  Florida, 
August  11-13, 1993. 

Zeltzer,  D.  “VETT  Testbed  Progress  Report." 

Visit  to  Vanderbilt  Free  Electron  Laser  Center, 
Nashville,  Tennessee,  September  23-26, 1993. 

Fujimoto,  J.G.  “Femtosecond  Carrier  Dynamics 
in  Semiconductors  and  Metals.” 


Workshop  on  Coherence  and  Uncertainty  Relations, 
Baltimore,  Maryland,  August  10-13,  1993. 

Haus,  H.A.,  and  F.X.  Kartner.  “On  the  Theory  of 
Quantum  Measurement." 

Workshop  on  High  Power  Ion  Cyclotron  Resonance 
Frequency  Antenna  Design  and  Physics,  Sixth, 
Boulder,  Colorado,  January  20-22, 1993. 

Sugiyama,  L.,  M.  Nassi,  and  B.  Coppi.  “Pre¬ 
dicted  Ignition  Scenarios  in  Ignitor  and  the 
Role  of  ICRH." 

Workshop  on  Optical  Properties  of  Mesoscopic 
Semiconductor  Structures,  Second,  Snowbird, 
Utah,  April  20-23, 1993. 

Sun,  C-K.,  H.K.  Choi,  C.A.  Wang,  and  J.G. 
Fujimoto.  “Femtosecond  Carrier  Dynamics  in 
InGaAs/AIGaAs  Strained-Layer  Single- 
Quantum-Well  Diode  Lasers." 


A.1.2  Papers  To  Be  Presented 

Advanced  Solid-State  Lasers  Topical  Meeting,  Salt 

Lake  City,  Utah,  Febmary  7-10, 1994. 

Wong,  N.C.,  and  D.  Lee.  "Frequency  Tuning 
and  Phase  Locking  of  an  Ultrastable  Doubly 
Resonant  Optical  Parametric  Oscillator.” 

American  Physical  Society  Meeting,  Pittsburgh, 

Pennsylvania,  March  21-25,  1994. 

Hui,  K.,  and  A.N.  Berker.  “Analytic  Expression 
for  the  Exact  Boundary  of  the  Superantiferro¬ 
magnetic  Phase  of  the  Ising  Model  with 
Nearest-  and  Next-Nearest-Neighbor  Inter¬ 
actions  on  the  Square  Lattice.” 

Falicov,  A.,  and  A.N.  Berker.  “Finite- 
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Thomas  F.  Weiss 
Jerome  B.  Wiesner' 
John  L.  Wyatt.  Jr. 
Henry  J.  Zimmermann' 


Jacob  K.  White 
Jonathan  S.  Wurtele 


Gregory  W.  Womell 


Robert  H.  Rediker 


Mandayam  A.  Srinivasan 
David  Zeltzer 
Patrick  M.  Zurek 
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RMMTCh  Scientlete  and  Raaaarch  Spadallata 


Giovanni  Aiiberti 
John  W.  Barrett 
James  M.  Carter 
Bertrand  Deigutte 
Lorraine  A.  Delhome 
Gregory  T.  Fischer 
David  W.  Foss 
Dennis  M.  Freeman 
David  Gosalvez 
Seth  M.  Hall 


Thomas  J.  Lohman 
Joyce  Manzeila 
Ivan  Mastovsky 
Melanie  L  Matthies 
Michael  B.  Mdlrath 
Robert  D.  Meade 
Stefano  Migliuolo 
Euclid  E.  K^n 
Abhay  K.  Ram 


Dennis  D.  Rathman 
John  J.  Rosowski 
Selim  M.  Shahriar 
Stefanie  Shattuck-Hufnagel 
Scott  E.  Silverman 
Linda  E.  Sugiyama 
Mario  A.  Svir^ 

Ngai  Chuen  Wong 
Y.  Eric  Yang 


Administrative  Staff 

Joseph  F.  Connolly  John  S.  Peck 

Virginia  R.  Lauricella  Gerrard  F.  Power 

Barbara  J.  Passero 


William  H.  Smith 
Vicky-Lynn  Taylor 


Support  and  Technical  Staff 


Mary  C.  Aldridge 
Janice  L.  Balzer 
Felicia  G.  Brady 
Manuel  Cabral,  Jr. 
Susan  E.  Chafe 
Donald  A.  Clements 
Anne  E.  Conklin 
John  F.  Cook 
Carol  A.  Costa 
Ann  K.  Dix 
Francis  M.  Doughty 
Dorothy  A.  Fleischer 


Donna  L.  Gale 
Mary  S.  Greene 
Peter  C.  Guiod 
Maureen  C.  Howard 
Cynthia  Y.  Kopf 
KIt-Wah  F.  Ui 
Cindy  LeBlanc 
Catherine  Lorusso 
Eleanora  M.  Luongo 
Deborah  S.  Manning 
Rita  C.  McKinnon 
Gina  LB.  Milton 


Mark  K.  Mondol 
Donald  K.  North 
Denise  M.  Rossetti 
Bruce  A.  Russell 
Maxine  P.  Samuels 
Sally  C.  Santiago 
Robert  D.  Sisson 
Mabayoje  Tuyo 
Laura  M.  von  Bosau 
Arlene  E.  Wint 
Mary  J.  Ziegler 


Postdoctoral  Fellowe  and  Associates 


Robert  C.  Armstrong 
Tsekouras  Athanassios 
Brett  E.  Bouma 
David  L  Brock 
Kung-Hau  Ding 
Frank  DiFilippo 
Ibrahim  M.  Elfadel 
Susan  L  Goldman 


Research  Assistants 

Daniel  P.  Aalberts 
Charles  C.  Abnet 
David  M.  Abusch 
Mazher  M.  Alidina 
Michael  R.  Andrews 
John  G.  Apostolopoulos 


Joseph  A.  Izatt 
Jeng-Feng  Lee 
Pauline  M.  McMahon 
Fred  L.  Palmer 
Gale  S.  Petrich 
David  P.  Pullman 
Sunil  Puria 
Thomas  Schapers 


Mark  A.  Armstrong 
Near  R.  Asherie 
William  W.  Au 
Walter  A.  Aviles 
Ian  M.  Avruch 
Ziad  J.  Azzam 


Annie  H.  Takeudii 
Alice  E.  Turk 
Simon  Verghese 
Thomas  E.  Wiegand 
Reiner  Wilhelms-Tricarico 
Xinglong  Yan 
YiXu 

Zhe  Zhang 


Deborah  J.  Becker 
Paul  A.  Belk 
Vishal  L.  Bhagwati 
Igor  P.  Bilinsl^ 

Luc  Boivin 
Michael  P.  Bradley 
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Louis  R.  Brothers 
Martin  Burkhardt 
Carlos  R.  Cabrera 
Xuejun  Cai 
David  J.  Carter 
Claudio  L.  Cesar 
Hwa-Ping  Chang 
Michael  S.  Chapman 
Grace  H.  Chen 
Jerry  C.  Chen 
Jyh-Shing  Chen 
Marilyn  Y.  Chen 
Tak  K.  Cheng 
Shiufun  Cheung 
Dmitri  Chkiovskii 
Kyeongjae  Cho 
Woo-Young  Choi 
Mike  T.  Chou 
Henry  E.  Chung 
Samuel  R.  Conner 
Christopher  A.  Coronado 
Michael  W.  Courtney 
Jay  H.  Damask 
Kiran  B.  Dandekar 
Charles  Q.  Davis 
Kendall  Davis 
Joel  C.  DeVries 
Sean  M.  Donovan 
David  J.  Dougherty 
Scott  B.  Dynes 
John  D.  Ellithorpe 
Hong  T.  Ewe 
Alexis  Falicov 
Shanhui  Fan 
Juan  Ferrera 
Siegfried  B.  Fleischer 
Andre  B.  Fletcher 
Eric  M.  Foxlin 
Joseph  A.  Frisbie 
Alex  W.  Fung 
Irene  Fung 
Boris  Golubovic 
James  G.  Goodberlet 
Julie  E.  Greenberg 
Andrew  E.  Grumet 
Nitin  Gupta 
Rakesh  Gupta 
Andrew  K.  Halberstadt 


Teaching  Assistants 

David  M.  Baylon 
Dirk  M.  Bernold 
John  R.  Buck 
Irfan  U.  Chaudhary 
Peter  A.  Garbes 


Troy  D.  Hammond 
Scott  D.  Hector 
Michael  R.  Hee 
Lori  K.  Herokj 
Eason  Ho 
Jeffrey  R.  Holley 
Jody  House 
Chih-Chien  Hsu 
Hang  Hu 
Wen  Hu 

Charles  T.  Huitgren 
Kyle  K.  Iwai 
Brian  R.  Jacobson 
Louise  Jandura 
Hong  Jiao 
Mark  A.  Johnson 
Alkan  Kabakcioglu 
Charles  A.  Katz 
Sumanth  Kaushik 
Farzana  I.  Khatri 
Rizwan  R.  Koita 
Jimmy  Y.  Kwon 
Bobby  Y.  Lai 
Warren  M.  Lam 
Dicky  Lee 
Laurence  H.  Lee 
Zachary  K.  Lee 
Gadi  Lenz 
Huiying  Li 
Stan  Y.  Liao 
Kan  Lu 

Jeffrey  T.  Ludwig 
Robert  I.  Lutwak 
Paul  S.  Martin 
Noel  S.  Massey 
Marc  O.  Mewes 
Jose  C.  Monteiro 
Akbar  A.  Mooiji 
Christopher  B.  Moore 
John  D.  Moores 
William  P.  Moyne 
Martin  Muendel 
Phillip  T.  Nee 
Julien  J.  Nicolas 
Michael  P.  O'Connell 
John  H.  Oates 
Gabrielle  M.  Owen 
Steven  G.  Patterson 


Christoforos  N.  Hadjicostis 
Joel  T. Johnson 
Mattan  Kamon 
Malini  V.  Narayanan 


Gregory  E.  Penn 
Aleksandar  Pfajfer 
Joel  R.  Phillips 
Michael  O.  Poiley 
Kelly  L.  Poort 
Khalid  Rahmat 
Monte  J.  Ramstad 
Catarina  Riconda 
William  J.  Rinderknecht 
Yakov  Royter 
Richard  A.  Rubenstein 
Timothy  A.  Savas 
Michael  J.  Schwartz 
Mark  N.  Seidel 
Satyen  Shah 
Lisa  Shatz 
Amelia  H.  Shen 
Krishna  V.  Shenoy 
Shih-en  Shih 
Gennady  Shvets 
Luis  M.  Silveira 
Matthew  T.  Sinn 
Jurgen  H.  Smet 
Neal  W.  Spellmeyer 
Michelle  S.  Spina 
Richard  E.  Stoner 
Lon  E.  Sunshine 
Chin  H.  Tan 
Hong  Z.  Tan 
Mohammad  A.  Tassoudji 
Guillermo  J.  Tearney 
Morrison  Ulman 
Dimitri  L.  Velikov 
Murat  E.  Veysoglu 
Pavel  S.  Volfbeyn 
Li-Fang  Wang 
Susie  J.  Wee 
Daniel  P.  Welker 
Lorin  F.  Wilde 
Vincent  V.  Wong 
William  S.  Wong 
Rolf  A.  Wyss 
Anto  Yasaka 
Kenneth  W.  Yee 
Chang  D.  Yoo 
Kambiz  C.  Zangi 
Yan  Zhang 
Craig  B.  Zilles 


Haralabos  C.  Papadopoulos 
Li  Shu 

Andrew  C.  Singer 
Kathleen  E.  Wage 
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Graduate  Students 

Laura  E.  Adams 
Tracy  E.  Adams 
David  B.  Askey 
Karl  K.  Berggren 
Keren  Bergman 
James  C.  Blastos 
Stephen  A.  Boppart 
Stanley  W.  Brown 
Douglas  S.  Brungart 
Palmyra  E.  Catravas 
Kai  P.  Chan 
Diana  Dabby 
All  Darwish 
William  S.  Daughton 
Steven  J.  Decker 
Joseph  G.  Desloge 
Shepard  S.  Doeleman 
Christopher  R.  Doerr 
James  Ernstmeyer 
Paul  W.  Fieguth 
Jun  Funatsu 
Lynn  D.  Gabbay 


Undergraduate  Students 

Walter  E.  Babiec 
Latosha  Byrd 
Janis  D.  Castaneda 
Beth  L.  Chen 
David  K.  Chow 
Erika  Chuang 
John  A.  Crouch 
Gail  Denesvich 
Laura  C.  Dilley 
Ilya  Entin 

Alexander  N.  Ernst 
Fritz  N.  Francis 
Ashanthi  Gajaweera 
Cinawaye  Gammon 
Brett  A.  Geoffrey 
Daniel  I.  Goldman 
Shilpa  M.  Hattangadi 


Eric  J.  Gaidos 
Steven  H.  Isabelle 
Erik  B.  Iverson 
Mohammad  J.  Khan 
Thomas  C.  Killian 
Chwen-yuen  Ku 
Volkan  C.  Kubali 
Hong-Kwang  J.  Kuo 
Daniel  D.  Lee 
Junehee  Lee 
Kevin  Li 
Sharlene  A.  Liu 
Nicole  Love 
Henry  Y.  Lu 
Kent  H.  Lundberg 
John  P.  Mann 
Robert  G.  McDonald 
Ignacio  S.  McQuirk 
Peter  A.  Monta 
Ann  W.  Morgenthaler 
Aradhana  Narula 
Lynn  E.  Nelson 


James  M.  Ooi 

Janet  L.  Pan 

Denis  J.  Peregrym 

Adam  D.  Polcyn 

Malini  Ramaswamy 

Brett  S.  Reid 

James  W.  Reiner 

Todd  H.  Rider 

Ante  Salcedo 

Steven  D.  Schultz 

Hugh  E.  Seeker-Walker 

Barbara  G.  Shinn-Cunningham 

Konstantina  Stankovic 

Ryan  A.  Tagal 

Kohichi  R.  Tamura 

Christopher  B.  Umminger 

Evren  R.  Unver 

Luigi  Vacca 

Shawn  M.  Verbout 

Wan  Y.  Wan-Morshidi 

Peter  S.  Yesley 

Michael  J.  Young 


David  H.  Hijirida 
Jason  Hintersteiner 
Philip  M.  Hinz 
Elliot  E.  Hui 
Zulfiquar  Hyder 
Megan  C.  Jasek 
Kevin  C.  Knoedier 
Danielle  G.  Lemay 
Kuo-Yi  Urn 
Hsiaotung  Liu 
David  S.  Lum 
Beniyam  Menbetu 
Prescott  F.  Millett 
Jason  T  Mueller 
Philip  M.  Nadeau 
Erik  Nygren 
Sung  S.  Park 


Michael  T,  Pierce 
Nicholas  Pioch 
Edmundo  J.  Rivera-Santos 
Szymon  M.  Rusinkiewicz 
Michelle  M.  Scheer 
Mehul  A.  Shah 
David  L.  Sisson 
Bryan  D.  Smith 
Bridget  E.  Tannian 
Stanley  H.  Thompson 
Ann  L.  Torres 
Evan  F.  Wies 
Joshua  N.  Winn 
Jennifer  A.  Wozniak 
John  J.  Wuu 
Chiann  J.  Yeh 
Xiao  Yu 
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Visiting  Scisntists 

Vladimir  Barsukov 
Gerald  L  Beauregard 
Corine  A.  Bickley 
Lars  H.  Bomholt 
Lyle  Borg-Graham 
Franco  Carpignano 
Paolo  Detragiache 
Theodore  W.  Ducas 
Anna  Esposito 
Marc  Fleury 
Reguia  Fluck 
Rogeve  Gulati 


Research  Affiliates 

Mitchell  R.  Balonon-Rosen 
John  S.  Barlow 
Herbert  J.  Bernstein 
Giuseppe  Bertin 
Suzanne  Boyce 
Frank  S.  Cardarelli 
Brian  J.  Clifton 
H.  Steven  Colburn 
Paul  Ouchnowski 
Daniel  Ehrlich 
Carol  Y.  Espy-Wilson 
Paul  0.  Fiore 
Ignacio  Garcia-Otero 
Gad  Geiger 
Bernard  Gold 
Richard  S.  Goldhor 
Kenneth  W.  Grant 
Robert  D.  Hali 
Katherine  L.  Hall 
Philip  R.  Hammer 


Helen  M.  Hanson 
Yie  He 

Arthur  K.  Jordan 
Hae  M.  Jung 
Jack  Kotik 
Cathy  M.  Lemer 
Hamid  Naw£^ 
Suzanne  Neil 
Kevin  O'Neill 
Karen  L  Payton 
Jorgen  L  Pind 
Geoffrey  L.  Plant 


Robert  E.  Hillman 
Mark  A.  Hollis 
Eva  B.  Holmberg 
Caroline  B.  Huang 
Yoshiko  Ito 
Joseph  A.  Jarrell 
Lance  G.  Joneckis 
Carlos  Kennedy 
John  D.  Kierstead 
Harlan  Lane 
Charles  P.  Lin 
Neil  A.  Macmillan 
John  I.  Makhoul 
Sharon  Y.  Manuel 
Bruce  R.  Musicus 
Ronel  Nel 
Mark  R.  Niisen 
Leonard  L.  Picard 
Matthew  H.  Power 
James  C.  Preisig 


Stanley  J.  Rosenthal 
Hannes  J.  Schmiedmayer 
Francesca  Scire-Scappuzzo 
Kaoru  Sekiyama 
Chuihun  Sm 
Devang  M.  Shah 
Masataka  Shirasaki 
Jean-Claude  Souyris 
Chi-Kuang  Sun 
George  M.  Svolos 
Stefan  Wehinger 


Mara  G.  Prentiss 
Christine  M.  Rankovic 
Michael  E.  Ravicz 
Stephen  A.  Raymond 
Joseph  F.  Rizzo 
Diane  E.  Ronan 
Jay  T.  Rubinstein 
Steven  R.  Rueman 
Robert  T.  Shin 
Richard  J.  Solomon 
Frank  J.  Stefanov-Wagner 
David  A.  Steffens 
Joseph  Tierney 
Michael  J.  Tsuk 
Kenneth  P.  Wacks 
Ehud  Weinstein 
David  R.  Williams 
Jane  W.  Wozniak 
Jiqing  Xia 
Marc  Zissman 
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C.1  New  Faculty  and  Staff 

Dr.  Wolfgang  Kattarla  was  appointed  Assistant 
Professor  of  Physics  on  September  1,  1993.  Pro¬ 
fessor  Ketterte  is  a  principal  investigator  of  RLE's 
Atomic,  Molecular,  and  Optical  Physics  Group. 

Dr.  M.  Selim  Shahrlar  (SB  '66,  SM  '89,  PhD  '91) 
was  appointed  as  a  research  scientist  in  RLE's 
Atomic,  Molecular,  and  Optical  Physics  Group, 
effective  September  1, 1993. 

William  H.  Smith  was  appointed  RLE  Fiscal  Officer 
effective  July  1, 1993. 

Mary  £  Young  was  appointed  RLE  Assistant 
Fiscal  Officer  effective  April  18, 1994. 


C.2  Retirements 

Donald  F.  Duffy,  retired  as  RLE  Fiscal  Officer  on 
June  30, 1993,  after  31  years  of  service  at  MiT. 

Campbell  L.  Searle,  Professor  of  Electrical  Engi¬ 
neering  and  Computer  Science,  retired  after  serving 
forty-five  years  at  MIT. 


C.3  Chair  Appointments 

Dr.  Gregory  W.  Wornell  (SM  '87,  PhD  '91), 
Assistant  Professor  of  Electrical  Engineering  and 
Computer  Science,  was  appointed  to  the  ITT 
Career  Development  Assistant  Professorship,  effec¬ 
tive  July  1,  1993.  Professor  Wornell  is  a  principal 
investigator  in  RLE's  Digital  Signal  Processing 
Group. 


C.4  Awards  and  Honors 

Dr.  Bode  L.  Altshuler,  Professor  of  Physics,  was 
announced  as  corecipient  of  the  1993  Hewlett- 
Packard  Europhysics  Prize  for  Outstanding 
Achievement  in  ^lid-State  Physics  by  the  Euro¬ 
pean  Physical  Society.  Professor  Altshuler  is  a 
principal  investigator  in  RLE's  Surfaces  and  Inter¬ 
faces  Group. 

Dr.  Arthur  B.  Baggeroer  (SM/EE  '65,  ScD  '68), 
Ford  Professor  of  Engineering  and  Professor  of 
Electrical  and  Ocean  Engineering,  received  the 
Ocean  Engineering  Society's  1992  Distinguished 
Technical  Achievement  Award.  Professor 


Baggeroer  is  a  principal  investigator  in  RLE's  Digital 
Signal  Processing  Group. 

Or.  Bruno  Cr^tpl,  Professor  of  Physics,  received 
the  Special  Prize  for  Scientific  Research  of  the 
Prime  Minister  of  Italy.  In  addition,  Professor 
Coppi,  a  principal  investigator  in  RLE's  Plasma 
Physics  Group,  was  appointed  to  a  three-year  term 
as  a  senior  fellow  of  the  Italian  Academy  for 
Advanced  Studies  in  America  and  also  receiveid  the 
1993  Italgas  Prize  for  Energy  Science. 

Or.  Jeaiia  A.  del  Alamo,  Associate  Professor  of 
Electrical  Engineering  and  Computer  Science,  was 
awarded  MITs  Harold  E.  Edgerton  Award.  In  addi¬ 
tion  to  his  research.  Professor  del  Alamo,  a  prin¬ 
cipal  investigator  in  RLE's  Materials  and  Fabrication 
Group,  was  recognized  for  his  excellent  teaching 
skills  and  sen/ice  to  the  MIT  community. 

Or.  James  G.  FuJImoto  (SB  79.  SM  '81,  PhD  '84), 
Associate  Professor  of  Electrical  Engineering  and 
Computer  Science,  was  elected  to  fellow  in  the 
Optical  Society  of  America.  Professor  Fujimoto  is  a 
principal  investigator  in  RLE's  Optics  and  Devices 
Group. 

Or.  Jaafuellne  N.  Hewitt  (PhD  '86),  Assistant  Pro¬ 
fessor  of  Physics  and  Class  of  1948  Career  Devel¬ 
opment  Professor,  was  awarded  the  Henry  G. 
Booker  Prize  from  the  International  Union  of  Radio 
Science  (URSI).  Professor  Hewitt  is  a  principal 
investigator  in  RLE's  Radio  Astronomy  Group. 

Or.  Marc  A.  Kaatner,  Donner  Professor  of  Science, 
was  appointed  director  of  MITs  Center  for  Materials 
Science  and  Engineering,  effective  July  1.  1993. 
Professor  Kastner  is  a  principal  investigator  in 
RLE's  Quantum-Effect  Devices  Group. 

Or.  Leslie  A.  KolodzIeJskI,  Kart  R.  Van  Tassel 
Career  Development  Associate  Professor,  was 
selected  to  serve  a  three-year  term  as  Esther  and 
Harold  E.  Edgerton  Associate  Professor,  effective 
September  1,  1993.  Professor  Kolodziejski  is  a 
principal  investigator  in  RLE's  Materials  and  Fabri¬ 
cation  Group. 

Campbell  L.  Searle.  Professor  of  Electrical  Engi¬ 
neering  and  Computer  Science,  and  Or.  William  M. 
Slebert  (SB  '46,  ScD  '52),  Ford  Professor  of  Er^i- 
neering  in  the  Department  of  Electrical  Engineering 
and  Computer  Science,  were  named  corecipients  of 
the  Department  Head's  Special  Recognition  Award. 
Professor  Siebert  is  a  member  of  RLE's  Auditory 
Physiology  Group. 
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Dr.  David  H.  StMlIn  (BS  '60,  MS  '61,  ScD  '65), 
Assistant  Director  of  Lincoln  Laboratory  and  Cecil 
H.  Green  Professor  of  Electrical  Engineering,  was 
awarded  the  IEEE  Signal  Processing  Society's 
1992  Senior  Award  in  the  image  processing  and 
multidimensional  signal  processing  area.  Professor 
Staelin  is  a  principal  investigator  in  RLE's  Radio 
Astronomy  Group. 


Dr.  Jaroma  B.  Whanar,  Institute  Professor, 
received  the  National  Academy  of  Sciences'  highest 
honor,  its  Public  Welfare  Medal,  in  1993  lor  his 
devoted  and  successful  efforts  in  sciertce  policy, 
education,  nuclear  disarmament,  and  world  peace. 
Over  the  years.  Dr.  WIesner's  record  of  service  has 
included  tenures  as  RLE  director,  MIT  president, 
and  presidential  science  advisor  to  Presidents 
Kennedy  and  Johnson. 
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Advanced  Research  Projects  Agency 
(ARPA)  7-21,  26-27,  35-45,  64-70,  72-75, 

79,  85-86,  149-153,  269-271.  300-301,  303, 
305-308,  318-324 

Advanced  Telecommunications  Research 
Program  329-334 

AT&T  Bell  Laboratories  26-27,  319-320 
Bose  Corporation  316 
California  Institute  of  Technology/Jet 
Propulsion  Laboratory  263-265 
Consortium  for  Superconducting  Electronics 
269-271,303 

DEMACO  266 

Digital  Equipment  Corporation  265-266, 
303-305 

Draper  (Charles  S.)  Laboratory  29-34, 100-103, 
141-143,  204-207 

Electric  Power  Research  Institute  133-137 

Federal  Bureau  of  Investigation  302 

Fujitsu  Laboratories  101-103 

Hertz  Foundation  13-14 

Houston  Advanced  Research  Center  345-349 

IBM  Corporation  72-73,  289-292,  300-305 

Joint  Services  Electronics  Program  (JSEP) 

7-11,  29-41,  51-73,  76-95.  99-101,  104-118, 
161-190,  215-228,  263-266 

Klatt  (Dennis)  Memorial  Fund  355-364 
LeBel  (C  J.)  Foundation  355-364 
Lockheed  Sanders,  Inc.  318-320,  323 

Magnetic  Fusion  Science  Fellowship  Program 
244-246 

Maryland  Procurement  Office  139-140,  323-324 
MIT  Leaders  for  Manufacturing  Program  284 
MIT  Lincoln  Laboratory  101, 124-131, 141-143, 
148-149,  153-154,  282 
MIT  Research  Laboratory  of  Electronics 
145-147 

MIT-Woods  Hole  Oceanographic  Institution 
Joint  Program  318 


National  Aeronautics  and  Space  Administration 
86-88,  153-154,  237-240.  263-265,  279-264 

National  Center  for  Integrated  Photonic 
Technology  7-21,  26-27,  35-46, 48, 103-105 
National  Defense  Science  and  Engineering  303 

National  institute  of  Standards  and  Technology 
141-143 

National  Institutes  of  Health 
118-124,  374-382,  355-364,  367-382,  397-408 
National  Science  Foundation  14,  22-24.  26-27, 
42-48,  53-56,  64-66,  69-70,  79.  91-95,  99-101, 
103-104,  109-118,  145-147,  209-221,  231-247, 
269-272,  277-281,  289-308,  322-323,  355-364 
Packard  (David  and  Lucille)  Foundation 
279-281,  322-323 

Scitex  America  Corporation  337-339 
Semiconductor  Research  Corporation  61-63,  304 
Sloan  (Alfred  P.)  Fellowship  279 
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